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ABSTRACT Ferroelectric memories have made big advancements in the last years due to the discov-
ery of ferroelectricity in already widely used hafnium oxide. Here we investigate ferroelectric tunnel
junctions (FTJ) consisting of a ferroelectric hafnium zirconium oxide layer and a dielectric aluminum
oxide layer. By varying the set and reset amplitude and pulse width the fraction of reversed ferroelectric
domains can be controlled. Due to the statistical distribution of the coercive voltage the current can be
tuned between the minimum off-state and maximum on-state current. This leads to possible multi-level
information storage in our FTJs. In this paper a detailed study of the set/reset operation and the intermediate
current levels is presented. Furthermore, the endurance properties of the memory device can be directly
correlated to the wake-up and fatigue phenomena in the ferroelectric layer. While the usability of the
memory window is still limited by the initial polarization increase and ultimately by the hard breakdown
of the device, a further optimization of the ferroelectric layer itself and the ferroelectric/dielectric interface
can directly improve the viability of the tunnel junction. Finally, we show that the current of our FTJs
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scales as expected and reproducible results across different devices are obtained.

INDEX TERMS Ferroelectrics, tunnel-junction, hafnium zirconium oxide, memory.

I. INTRODUCTION

The ever-increasing need for high density and fast data stor-
age has become prevalent in all sectors in the last years
due to the rise of smart hard- and software (Internet-
of-Things, Industry 4.0, big data, etc.) [1]-[3]. Due to
this, new emerging memory concepts are promising, which
combine low power consumption, fast access speeds, high
scalability and non-volatility. Several different kinds of mem-
ories, such as magnetic [4], phase-change [5], resistive [6]
and also ferroelectric [7] random access memories have
been explored in the recent past. Ferroelectric memo-
ries in the form of 1T (ferroelectric field-effect transistor,
FeFET) or 1T1C (ferroelectric random access memory,
FeRAM) cells have great prerequisites for these kinds
of applications [8]-[9]. Especially the discovery of ferro-
electricity in hafnium-based dielectrics in 2011 [10] led

to new promising results for the aforementioned memory
applications, as well as other areas, such as logic-in-
memory [11], negative capacitance [12] and neuromorphic
computing [13]. Besides these common research fields, fer-
roelectric tunnel junctions (FTJ) have gained popularity in
the last years [14]-[16]. An FTJ consists of two metal
electrodes with a ferroelectric layer in between, whose
remanent polarization can be used to store information.
Contrary to FeERAM, the read operation in an FTJ is non-
destructive since the tunneling electroresistance/current is
sensed, whereby the polarization in the ferroelectric layer
remains unchanged. As an alternative to the nominally sym-
metric metal-ferroelectric-metal (MFM) approach we are
utilizing an additional dielectric layer. In this double-layer
stack, the ferroelectric Hfy 5Zrp 50> (HZO) layer serves as
the memory layer — where the binary information is stored
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FIGURE 1. Simulated band diagrams for both polarization states for

a) Pgown and b) Pyp of TiN/Hfg 5Zrg 50,/Al, 03 /TiN ferroelectric tunnel
junctions indicating the different tunneling electroresistances,

c) corresponding I-V curves for 12 nm HZO and 2 nm Al, O3 thickness for
both opposite polarization states.

— while a dielectric aluminum oxide (Al,O3) layer serves
as the tunneling barrier for the electron conduction in this
metal-ferroelectric-insulator-metal (MFIM) structure. Due to
the internal band bending related to the imperfectly screened
charges at the ferroelectric/dielectric interface, an asymme-
try in the band diagram for opposite polarization states is
achieved. The novelty of this MFIM stack was proposed
and proven first by Meyer et al. in 2004 as a ferroresis-
tive RAM cell [17]. We have adapted this concept to the
HfO,/ZrO; ferroelectric material family, which can enable
another potent memory cell in the future. The main draw-
back of this stack design is the deliberate introduction of
the depolarization field As a consequence, the retention of
the device gets worse. But by implementing different metal
work function, the retention behavior can be enhanced again
to retain the memory window after 10 years [18]. Potential
applications in a memory array with different selector devices
are discussed elsewhere [19]-[20]. The fundamental opera-
tion principle for both polarization states is shown in the
band diagrams in Fig. la) and b). The corresponding I-V
curve for both polarization states Py, and Pgown are shown
in Fig. 1c) revealing the memory window with an on/off
ratio of about 10. In Table 1 the parameters for the band
diagram simulation are given.

Il. SAMPLE DESCRIPTION AND EXPERIMENTAL DETAILS
Our TiN/Hfy 5719 50,/A1,03/TiN metal-ferroelectric-
insulator-metal samples were deposited directly on
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TABLE 1. Parameters for the band diagrams of the ferroelectric tunnel

junction.
Symbol Quantity Value
drE Thickness Hfo.5Zr0.502 12 nm
dpE Thickness Al203 1 nm
Py Remanent polarization 20 pC cm?
EFE Relative permittivity Hfo.5sZro.502 32
EDE Relative permittivity A2O3 9
Egre Band gap Hfo.5Zro.502 5.75eV
EqpE Band Gap ALl203 8.7eV
XFE Electron affinity Hfo.5Zr0.502 2.7eV
XDE Electron affinity A2O3 1.35eV
Wr rin TiN work function 445eV
Vbias External voltage bias (read voltage) 2V

a p-doped silicon wafer. The 12 nm thick TiN bot-
tom electrode was sputtered at room temperature using
a physical vapor deposition (PVD) process. Atomic layer
deposition (ALD) in an Oxford ALD tool was used to
grow the HZO layer (1:1 ratio of TEMA-Hf and TEMA-Zr
precursor pulses, water as oxygen source) and the aluminum
oxide layer (TMA and water) at 260 °C directly on the
TiN bottom electrode. The TiN top electrode (12 nm) was
sputtered on top using the same process conditions as for
the bottom electrode. Afterwards a post-deposition anneal
at 600 °C for 20 s in nitrogen atmosphere was done to
crystallize the HZO into the ferroelectric phase. Circular
capacitor structures were formed by Ti/Pt evaporation
through a shadow mask (200 pwm diameter) and subse-
quent SC1 etching of the underlying TiN top electrode.
Polarization-voltage measurements were performed on an
Aixacct TF3000 Analyzer, using triangular voltage pulses
with a frequency of 10 kHz. The current-voltage response
of the FTJ was analyzed with a Keithley 4200 SCS
on a semi-automatic Cascade probe station with pulsed
measurement units for voltage and current sensing.

1Il. RESULTS AND DISCUSSION

For fabrication of our ferroelectric HZO layer in the MFIM
stack we are using an optimized process that is described
in [21]. An important attribute of thin hafnia based fer-
roelectric films is the polycrystalline nature. After the
thermal anneal during sample preparation, the typical grain
size inside the ferroelectric layer films is in the range of
about 10-30 nm [20]. Since we are using comparably large
capacitor areas, this leads to a high number of different
grains and domains in the whole layer [22]. The polycrys-
tallinity has profound effects on the different applications
using ferroelectric HfO,, such as negative capacitance [23]
and single-domain switching effects in ferroelectric field
effect transistors [24]. Typically these grains have a certain
distribution for the domain orientation, coercive switch-
ing field and remanent polarization, which also depends
on the kind of dopant or composition and the grain size
itself [25]-[27]. This is reflected in the typical current-
voltage and polarization-voltage curves that show broader
switching peaks and a tilted hysteresis curve.
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FIGURE 2. Set and reset operation of an HZO-based ferroelectric tunnel
junction. a) waveform used for setting the reference state and assessing
the stored memory state, b) increase of the on-state current with higher
set amplitudes, c)+d) color-coded read current depending on reset (left)
and set (right) pulse amplitude and pulse width.

In order to store two different states inside the ferroelec-
tric layer through the remanent polarization, a high switching
voltage has to be applied to the capacitor electrodes in order
to drive the polarization into the saturated state. The ampli-
tude of this switching voltage not only depends on the HZO
thickness, but also on the Al O3 thickness [28]. Additionally,
there is only a certain thickness window for the HZO and
the aluminum oxide where the ferroelectric tunnel junction is
operational, which sets the minimum and maximum for the
required voltages [28]. We have found that through the poly-
crystalline nature of our HZO film, a multi-level data storage
is possible. In Fig. 2a the measurement waveform for the
assessment of the set operation is shown (equivalent for reset
by changing the voltages polarities). The ferroelectric tun-
nel junction is always reset into the Pgown state (off-state)
with a fixed amplitude of —6 V. After this reset an [-V
sweep from 0 V to 2 V is measured to obtain the whole
I-V response curve, which shows a low tunneling current
corresponding to the off-state of the device. The set opera-
tion is done using a triangular voltage pulse with different
amplitudes Vpus and pulse widths tpys, while keeping the
slope dV/dt constant. The constant slope of the voltage pulse
leads to constant dielectric displacement currents through the
device which in turn makes assessment of the polarization
switching current easier (see Fig. 3). In Fig. 2b the tunneling
current vs. readout voltage of the FTJ is shown for different
switching amplitudes (tpys is in the s-range; please note
here that we also changed the pulse width proportionally to
keep the same ramp rate). It can be seen that for small set
amplitudes, the ferroelectric is not switching and the read-
current remains very low and is not distinguishable from the
off-state current. Only when increasing the set amplitude to
higher values, an increase of the memory window is visi-
ble. As we increase Vpys and reach the minimum coercive
field, ferroelectric domains start to switch into the opposite
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state and contribute to a higher tunneling current. After 6 V
are applied to the device, all domains have switched ori-
entation and the tunneling on-state current cannot increase
further. The I-V curve is now clearly different from the off
current giving rise to the desired two-state memory oper-
ation. It is known from ferroelectric switching that there
is no single, well-defined coercive field for a ferroelectric
film but also a strong dependency on the time during which
the electric field is applied [29]. For polycrystalline ferro-
electrics, a nucleation-limited model is suitable to describe
the polarization reversal in the randomly oriented grains.
Here the polarization switching occurs due to the indepen-
dent nucleation of ferroelectric domains in different regions
across the whole capacitor area [30]. As shown before for
thin polycrystalline films this leads to a broad distribution
over a couple of decades for the nucleation time [31]. The
same effect can be seen here for the switching kinetics of our
ferroelectric tunnel junctions. In Fig. 2c and 2d, the tunneling
current is shown color-coded as a function of the switching
amplitude and switching pulse width. These measurements
have been performed on FTJ’s with 12 nm HZO thickness
and 2 nm Al,O3 thickness. A clear trade-off between the
necessary switching amplitude and the switching speed is
visible in the two dimensional plot. For the set operation,
a minimum switching voltage of 4 V is needed to obtain
a significant memory window between on- and off-state,
independent on the time length that the pulse was applied
for. At lower voltages, the electric field across the HZO layer
is not high enough to reverse the polarization. If the pulse
length is reduced the set amplitude needs to increase in order
to switch the same fraction of ferroelectric domains. For
100 ns pulse width the amplitude has to be around 8 V for
a maximum on current. For the reset operation a very simi-
lar trend can be observed. The only difference is the highest
absolute voltage that is needed for complete polarization
reversal due a shift of the hysteresis curve to higher voltages.
This internal bias field that is responsible for this imprint
effect is likely related to fixed charges at the HZO/Al,O3
interface which have been observed before [32]—-[33].

To further increase the memory density of ferroelec-
tric tunnel junctions or utilize the device in neuromorphic
computing, multi-level data storage within one capacitor
can be beneficial. To achieve this we can utilize the total
memory window of our devices (on/off ratio of ~10) to
set intermediate current levels. The overall tunneling resis-
tance can be influenced by applying the appropriate set pulse
amplitude and pulse width. For the following results the pulse
width was fixed at 1 ms (at 4V) and was only proportion-
ally changed to obtain a constant slope of the triangular
signal. The ferroelectric response in Fig. 3a shows the total
switching current when a set operation with varying ampli-
tude was performed. It is evident that with a higher voltage
the total amount of switched domains inside the HZO layer
increases. When the device is reset back to the reference
state, the current increment is also visible on the negative
hysteresis branch. In Fig. 3c the read-out current is shown
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FIGURE 3. Utilizing intermediate current states for multi-level memory
function. a) current-voltage response from setting both polarization states,
dashed lines indicate the different voltages used for setting the Pyp state,
b) cumulative probability plot for the cycle-to-cycle variability,

c) dependency of off- and on-state current at 2 V read voltage for different
set voltages, d) 4 different current levels measured over 40 switching
cycles.

depending on the set voltage amplitude. For four different
set voltages 2.5V, 4V, 5V and 6.5 V different current level
can be written into the FTJ, which are marked green (lowest
current, off state), blue, red and black (highest current, on
state), respectively. In Fig. 3d the cycling stability of these
intermediate levels are shown for 50 total switching cycles.
The device was reset into the off-state after each measure-
ment before the next cycle with the desired set amplitude.
For a set voltage of 2.5 V no current increase is visible. The
device remains in the off-state and no ferroelectric domain
reversal takes place. This “on” current at about 0.2 nA is
the same as the off current and corresponds to the same
memory state (green dots). This state is very stable over
a high number of switching cycles. The same can be said
for the highest amplitude, where all domains switch and
the highest tunneling current can be achieved (black dots).
Again this state is very stable at 2.5 nA over 40 switch-
ing cycles. When applying the intermediate set amplitudes,
only a fraction of domains will reverse their orientation and
contribute to the higher tunneling current. The total current
is therefore a combination of the low current from non-
switched domains and higher current from already-switched
domains. The fraction can be tuned by the corresponding
voltage. Since the switching process at the coercive voltage is
stochastic and non-deterministic as shown in [28], [34], the
variation in the number of switched domains is rather large.
Due to the broadness of the ferroelectric current switching
peak as well as small shifts of the whole curve due to trapped
charges/internal bias fields, the same external voltage may
switch a slightly different number of domains, which then
results in a variation of the tunneling current at the same
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FIGURE 4. a) off- and on-state current endurance characteristics
measured up to 107 cycles for different switching pulse
amplitudes/widths, b) endurance characteristics of the remanent
polarization from the HZO/Al, 03 double-layer showing wake-up and
fatigue for different amplitudes.

set voltage. The sequence of setting the same intermediate
state over 50 cycles shows this behavior as a broad current
band. The cumulative probability of the corresponding cur-
rent levels in Fig. 3b shows a low cycle-to-cycle variability
for the minimum and maximum off-and on-state currents
with high reproducibility. The other two intermediate states
show a broader distribution, where especially for the 5 V
set amplitude an overlap with the high current state (6 V set
amplitude) leads to indistinguishable current sensing.

To further investigate the feasibility of our ferroelec-
tric tunnel junctions, endurance and retention properties
were characterized as they are important features of
memory devices. A high endurance is needed for high
write/rewrite cycles, while long retention is crucial for
10 year memory storage function. The retention proper-
ties of these devices and advancements/limits have been
discussed elsewhere [27], [35]. Hafnium oxide based fer-
roelectric memories are known to suffer from wake-up and
fatigue of the ferroelectric polarization with electric field
cycling. Currently a strong research focus is on increasing the
number of switching cycles while maintaining the memory
window at all stages [36]-[37]. The endurance properties
of our FTJ TiN/HZO/Al;O3/TiN structures are shown in
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Fig. 4a. The current that is sensed after the very first polar-
ization set/reset operation (10~! = pristine) is equal for both
on- and off-state. Only when switching the device back and
forth between Py, and Pyown, the on-current starts to increase
with higher cycling numbers, while the off current remains
at about 0.25 nA. After about 10> cycles the maximum on-
state current is reached and is stable for up to 10° or 107
cycles until a hard breakdown of the device occurs. The max-
imum number of cycles is dependent on the used set voltage
amplitude. When applying 6 V the device breaks down after
107 cycles, with 6.5 V after 10° cycles. An increase of the
pulse width to 100 ms at 6 V shows that the device can
also reach the maximum current of 2.5 nA already after
100 polarization switching cycles. The increase for both on
and off current after 10° cycles is due to higher leakage
current through the whole device, which is the result of the
high stressing voltage/time leading to the creation of defects
in the ferroelectric layer. The measurement of the ferroelec-
tric polarization as a function of the number of switching
cycles is shown in Fig. 4b for different voltages. It is known
that lower voltages lead to higher endurance of ferroelec-
tric memories, but at the same time decrease the memory
window as the highest reachable remanent polarization is
lower. By applying 5 V the maximum P; value is about
6 wCem™?2 reaching an endurance of roughly 10% cycles.
An increase of the voltage to 7 V results in a P; value of
20 wCcm™2 but limited cycling stability only up to 4-10*
cycles. Higher voltages induce more electric field stress in
the ferroelectric layer which increases the defect/trap gen-
eration, leading to an earlier breakdown of the ferroelectric
layer. The reason for the strong wake-up effect, which is not
found in the reference TiN/HZO/TiN capacitor [21], [28],
is the additional dielectric Al,O3 layer. In the symmetrical
reference structure, which was used to investigate the fer-
roelectric properties of the hafnia layer, almost no wakeup
or fatigue is seen. Due to the optimized process for the
HZO deposition the non-ferroelectric interfaces at the elec-
trodes, the defect generation and the monoclinic/tetragonal
phase fractions are all reduced, leading to good ferroelectric
performance. When the dielectric Al,O3 layer is introduced,
the capacitive voltage divider leads to a higher required
voltage for ferroelectric switching. As a new step in the
deposition process is introduced, more defects in the HZO
can be generated, which are the reason for the wake-up effect
seen in the MIFM structures. Furthermore, the Al,O3 layer
will lead to increased depolarization fields in the HZO layer.
Also it is assumed that at the newly formed HZO/Al,03
interface injected charges contribute to shift and degradation
of the remanent polarization. The increased stress conditions
increase the leakage current, defect generation and promote
earlier breakdown of the devices, leading to fatigue after
10* cycles.

The correlation between the evolution of the remanent
polarization and the tunneling current is evident when com-
paring the Fig. 4a and 4b. As the polarization increases,
domain de-pinning and charge redistribution inside the HZO
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FIGURE 5. a) Current density vs. voltage for different capacitor areas
revealing the scalability of the TiN/12nm HZO/2nm Al, 03 /TiN device,
b) off- and on-state current for 30 different devices showing good
reproducibility.

layer take place leading to a higher number of domains con-
tributing to the remanent polarization value. This also leads
to a higher tunneling current value for the on-state. As the
polarization stays stable after wake-up, the maximum on-
state current is sensed. The breakdown of the device for
a programming voltage of 6 V occurs after roughly 10°
cycles when the leakage current dominates. Through addi-
tional interface engineering, e.g., by substituting the Al,O3
layer with a different dielectric, the endurance properties
might be optimized for less or even no wake-up or fatigue
region.

The scalability and reproducibility of the FTJ with
12 nm thick HZO and 2 nm Al,O3 can be inferred from
Fig. 5a and 5b. The I-V sweeps for tunneling current sensing
were measured on different capacitors with different areas.
In Fig. 5a the current density vs. voltage is shown. All curves
are overlapping showing that the on- and the off-state cur-
rent are proportionally scaling with the area of the device.
The same memory characterization measurements have also
been carried out on multiple capacitors with identical areas,
showing very good reproducibility as shown in Fig. 5b.

IV. CONCLUSION
We have investigated ferroelectric tunnel junctions that uti-
lize a ferroelectric HZO film as the memory layer and
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a dielectric Al,O3 layer that serves as the tunneling bar-
rier for the current through the device. Through polarization
reversal in the HZO layer the band diagram is changed
asymmetrically which enables the two different tunneling
electroresistances for both opposite polarization states. By
applying different set and reset amplitudes with varying pulse
widths the current through the device can be tuned into dif-
ferent levels between the maximum on and the minimum
off current. Since the domain reversal in thin ferroelectric
film is a stochastic process (due to the polycrystalline nature)
when voltages close to the coercive field are applied, a rather
large range in the intermediate current levels is present, while
the off- and on-state current show only a small spread over
50 switching cycles. The endurance behavior of the FTJ with
a strong on-state current increase during the first 100 switch-
ing cycles can be directly connected to the wake-up behavior
of the HZO layer. Although only small wake-up is present in
reference TiN/HZO/TiN layers, the addition of the dielectric
Al;O3 layer introduces additional defects, interface charges
and depolarization fields which lead to the pronounced wake-
up effect. Due to the depinning of domains and redistribution
of defects/trapped charges during cycling the remanent polar-
ization of the ferroelectric layer increases, which in turn leads
to higher tunneling currents through our memory device until
the device suffers from hard breakdown after 10°-107 cycles.
Although the absolute currents are still quite low we could
show that the normalized current scales proportional to the
capacitor area as expected from a uniform current over the
device. Finally the reproducibility on different samples was
confirmed.
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