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Abstract

CrossMark

This paper addresses the resistive switching behavior in yttrium oxide based resistive random
access memory (RRAM) (TiN/yttrium oxide/Pt) devices. We report the coexistence of bipolar
and unipolar resistive switching within a single device stack. For bipolar DC operation, the
devices show gradual set and reset behavior with resistance ratio up to two orders of magnitude.
By using nanosecond regime pulses (20 to 100 ns pulse width) of constant voltage amplitude,
this gradual switching behavior could be utilized in tuning the resistance during set and reset
spanning up to two orders of magnitude. This demonstrates that yttrium oxide based RRAM

devices are alternative candidates for multibit operations and neuromorphic applications.

Keywords: gradual, neuromorphic, resistive random access memory, resistive switching,

retention, yttria, yttrium oxide

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

1. Introduction

Resistive random access memory (RRAM) has attracted a lot
of attention for more than a decade, as a promising candidate
for the next generation of non-volatile memories. Traditional
flash memory has reached the lateral scaling limit [1] and
current approaches for further scaling are limited to the third
dimension [2]. The steadily growing market of information
communication technology [3] keeps a continuous pressure
on developing power efficient, high-density memories at low
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cost. There are several suited materials exhibiting resistive
switching [4], such as TiO,, HfO,, TaO,, Ga,0O5 [5] or mixed
systems like Bag ¢Sry 4TiO3 [6] or In-Ga-Zn-O [7]. Although
belonging to the group of rare earths, yttrium is not con-
sidered to belong to the group of critical materials by repre-
senting about 31 ppm of the Earth crust [8]. Due to its
dielectric constant of 14—17 [9-11], wide band gap of 5.5 to
6.2 eV [12-14], high breakdown voltage and high conduction
band off-set [15], yttrium oxide was considered as a possible
candidate to replace SiO, as gate dielectric for field effect
transistors [16, 17] amongst other high-k candidates, such as
HfO,, ZrO,, Al,05, Ta,Os. Therefore, yttria was intensively
investigated in terms of growth on Si/SiO, establishing dif-
ferent atomic layer deposition (ALD) processes [18-20] and
creating the basis for complementary metal-oxide-
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semiconductor-compatibility. Similar to hafnia, Y,05 is
described in the literature as a fast ion conductor [15].
Experiments on bulk Y,O3 have revealed activation energies
for oxygen diffusion as low as 19.580 cal/mol (0.85 eV) [21]
being related to the defective structure of the body centered
sesquioxide where one fourth of the anion sublattice sites
remain unoccupied. The valence state of +3 is considered to
be the only stable oxidation state for yttrium. Its initially
defective structure makes Y,O; interesting for investigating
its resistive switching behavior. Lately, RRAM becomes a
more and more attractive candidate for neuromorphic appli-
cations due to its ability to show learning and forgetting
processes [22, 23] by mimicking analog synaptic weights. In
principle, a synapse resembles a two-terminal device in which
the resistance can be incrementally modulated [24]. There-
fore, a possible way to mimic the functionality of the human
brain is by using a network of massively parallelized mem-
ristors with high connectivity. This approach enables over-
coming drawbacks of the von Neumann architecture in terms
of data centric applications such as real time language or data
recognition [25]. Yao et al [26] demonstrated face classifi-
cation utilizing a 1024-cell-ITIR RRAM based neuro-
morphic network with analogously tunable resistance being
x1000 (x20) more energy efficient than using an Intel Xeon
Phi processor with off-chip storage (with on-chip integrated
digital RRAM). Forecasts suggest a future computational
efficiency of integrated on chip memristors of over 100 tril-
lion operations per second per Watt [27]. Even memristors on
flexible substrates which are interesting for applications in
wearable electronic devices or foldable displays have recently
been reported to show synaptic characteristics [28]. For
neuromorphic applications, the ideal candidate needs to pro-
vide gradual set and reset operations with accessibility to a
high density of resistance states. In other terms, a linear
analogously /continuously variable conductance in a high on/
off ratio range with multi-level feasibility is desired. Addi-
tionally, due to the desired high device density, a low power
consumption [29] (e.g. by low operation voltages with short
pulses) while maintaining the stability of the resistance states
(high temperature data retention, endurance, and immunity to
noise) [30] is important, demanding further material optim-
ization by engineering.

2. Experimental

The devices under test (DUT) consist of TiN/Y,05/Pt (see
figure 1(a)). The TiN layers with thickness of 70 nm were
reactively deposited on (100) Si-wafers using direct current
(DC) magnetron sputtering of Ti and nitrogen as reactive gas
at room temperature. The 12nm thick polycrystalline
Y,03-layer has been grown by elemental e-beam evaporation
of yttrium at 450 °C. In situ oxidation has been achieved
using RF-activated oxygen radicals from a radical source
allowing for oxygen engineering of the dielectric layer [31].
The top electrode (TE) was deposited by sputtering 100 nm of
platinum using a DC sputter coater. After sputtering the TE,
the samples were subjected to a standard lithography step
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Figure 1. (a) BF-STEM image showing the thin film stack; (b)
HAADF-STEM showing a polycrystalline Y,05 layer, grain size
coincides with layer thickness; (c) High resolution HAADF-STEM
image of a single Y,05 grain (source marked in (b)), Wien filtered;
(d) QSTEM simulation along (010), (101) facing up (growth
direction); (e) Bipolar resistive switching behavior of yttria taken
after a forming step; (f) Cumulative probability distributions of (left)
resistance in HRS and LRS and (right) set and reset voltages; (g)
Endurance plot of the bipolar resistive switching for more than 800
cycles with an average and minimum ratio of 640 and 80,
respectively; (h) Ohmic and (i) Schottky-type conduction behavior
of LRS and HRS, respectively.

using a lift-off process in order to produce metal-insulator-
metal (MIM) devices of 30 x 30 ,umz size. Electrical char-
acterization was done using a Keithley 4200 semiconductor
characterization system (SCS) by biasing the TE (here Pt) and
using the internal current compliance (CC) of the SCS to
prevent device hard breakdown. All pulse operations were
performed consistently with 20 ns for fall and rise time,
respectively. Retention measurements were performed using
an oven at 85°C in ambient atmosphere. Scanning trans-
mission electron microscopy was performed using a JEOL
JEM ARM-200F.
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Figure 2. (a) Unipolar resistive switching behavior over 200 DC
cycles of Y,O5 (In gray: initial electroforming step); (b) Cumulative
probability distributions in the unipolar device for (left) resistance
states in HRS and LRS and (right) set and reset voltages; (c)
Endurance plot of the unipolar device taken at V ggap = 200 mV; I-
V-curves for the unipolar device in (d) low and (e) high resistive
states dominated by ohmic (m 0.96) and Schottky (m 1.96) behavior,
respectively; (f) Coexistence of unipolar and threshold switching in
the same device; (g) Unipolar switching recovers after intermittent
threshold switching. Retention characteristics of (h) the unipolar and
(i) the bipolar resistive switching devices. Different devices were put
in either high or low resistive state and then exposed to 85 °C for
different periods of time.

3. Results and discussion

Shown in figure 1(a) is a bright-field scanning transmission
electron microscopy (BF-STEM) image of the complete film
layer stack. Figure 1(b) reveals a polycrystalline structure in
the yttria film (inset of figure 1(a)). The highlighted area of
figure 1(b) is shown in figures 1(c) and (d): High-resolution

high-angle annular dark-field (HAADF-STEM) image and
corresponding QSTEM simulation [32] of a cubic (101)
oriented grain. A Vesta [33] rendering was inserted for
visualization (color coding: yttrium—cyan, oxygen—red).
X-ray diffraction measurements show a coexistence of
monoclinic (402) and cubic (222) and (400) phases, respec-
tively. In this section, we also present the I~V characterization
results acquired in DC sweeping mode. The switching cycles
shown in figure 1 were obtained by applying voltage to the Pt
top electrode while keeping the TiN bottom electrode
grounded. In the scarce literature about yttria-based RRAM,
so far only either unipolar [34] or bipolar [35] switching has
been reported. Here, we report for the first time the obser-
vation of both bipolar (BRS) and unipolar resistive switching
(URS) modes in the same stack configuration based on
yttrium oxide which can be deliberately accessed by choosing
the voltage polarity. The observed switching is attributed to
the valence change mechanism (VCM). The conductive fila-
ment (CF) is believed to consist of a high local density of
oxygen vacancies promoting current transport through the
dielectric layer. If the CF is connected to both electrodes the
device is considered to be in a low resistive state (LRS). By
rupturing the CF, the device can be put into a high resistive
state (HRS). Considering the voltage polarity of the electro-
forming and set process in the BRS operation, oxygen within
the dielectric layer is driven towards the TiN electrode oxi-
dizing the anode [36], thus, creating oxygen vacancies in the
yttria layer. During filament formation, TiO,N; _, will form at
the TiN/Y,O;_,-interface [37], later acting as an oxygen
reservoir for the following reset procedure. While the process
in the BRS is believed to be mainly field driven, the switching
process in the URS mode is more dependent on Joule heating
effects and diffusion along concentration and temperature
gradients and resulting Soret forces [38]. URS can mostly be
found for stack combinations with inert electrode materials
such as platinum [39]. Occasional threshold resistive
switching (TRS) could also be identified and was found to
coexist within the URS cycles similar as reported previously
for hafnium oxide [38].

For the bipolar operation, the electroforming occurred in
negative voltage polarity (—1.19 V) with an applied current
compliance of 1 mA (see figure 1(e)). All tested devices were
found to be forming-free showing an average forming voltage
of —1.58 V with a standard deviation of 0.55V (for the
overall 42 investigated devices for BRS) suggesting a sub-
stoichiometric Y,05_, composition [40, 41]. Forming-free
devices in yttria have been previously reported in literature
[35] and have been correlated to a facilitated filament for-
mation along the [110] direction of the cubic phase [42].
Considering the cubic orientation of the film, the grain size
being in the same order as the dielectric layer, and the growth
direction (see figures 1(b)—(d)), the observed forming-free
behavior is consistent with the reported vacancy chains along
[110]. During the set process, occasional intermediate steps
were observed in the otherwise abrupt switching. Reset in
BRS was found to be mostly gradual making yttrium oxide
based devices interesting for synaptic applications.
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From an application point of view, it is important to
address the variability and reliability of the switching devices.
Figures 1(f) (and 2(b)) show the empirical cumulative dis-
tribution function F(x) calculated as the number of observa-
tions less than or equal to x divided by the total number of
observations n. Figure 1(f) (left) shows the Ryrs and Rygrs
distributions taken at —200 mV readout voltage. From the
cumulative  distributions of the operation voltages
(figure 1(f) (right)), it is clear that set occurs mostly at
~ —1 V and that the reset voltages show little deviation from
the mean value of 0.97 V. The LRS is uniform, the off state,
however, shows enhanced variability. This is most likely due
to the fact that we use a limited voltage range to reduce the
device hard breakdown (by setting the device in URS mode
without applied CC) possibility, thus, hindering a deeper
reset. This is also depicted in the endurance data (figure 1(g))
from which it can be seen that during the first 400 DC cycles
resistance values in HRS show enhanced variability. During
these cycles, Ryrs gradually settles and fluctuations are
reduced. Overall, the cycle-to-cycle variation is low for both
the operation voltages and the resistance values measured in
HRS and LRS during the plotted 800+ DC cycles. The
resistance ratio’s average value of ~640 and minimum of 80
ensure error-free data readout. By operating in pulse mode
and restraining the pulse width to 100 ns, higher reset vol-
tages could be applied without activating a unipolar set, thus
enabling deeper resets as can be seen in figure 3(d). The
conduction mechanism was found to show ohmic behaviour
in the LRS (figure 1(h)) and be consistent with the Schottky-
mechanism in HRS (figure 1(i)).

The same characterization was carried out for the uni-
polar switching mode (see figure 2(a)). The URS has been
achieved by applying positive voltage on the Pt electrode. The
DUT shows uniform on-off resistance (left) and operation
voltage distributions (right) (figure 2(b)). Set happens at
~2.7V and reset at ~1 V. The operation voltage distributions
show overall small variations. Resistance taken at 200 mV
readout voltage in the LRS is in the range of 10* Q, while the
HRS resistance falls in the range of 10° Q. The cumulative
probability plot shows narrow resistance distributions in both
LRS and HRS. Figure 2(c) shows the endurance data taken
for 2504 DC switching cycles. The resistance in both resis-
tive states shows uniform performance with extremely low
cycle-to-cycle variability. The average on-off-ratio was found
to be ~1060 and during switching a minimal ratio of 240 was
maintained. The conduction behavior of the unipolar device
was found to be ohmic in the LRS and to be dominated by
Schottky-emission in the HRS, as shown in figures 2(d) and
(e), respectively. TRS was found to occasionally occur in the
unipolar cycles. In figure 2(f) the I-V curves of such a device
are depicted. During threshold switching, the current abruptly
switches in response to increasing voltages, upon decreasing
bias, however, this higher current level becomes unstable
below a critical voltage and the device crosses over into the
HRS again. As can be seen from the endurance plot depicted
in figure 2(g), unipolar switching shows an instability towards
the aforementioned TRS which, however, cannot be stabi-
lized. This instability has been attributed to insufficient heat
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Figure 3. (a) Successive positive voltage sweeps with increasing
maximum value (‘write’) and corresponding negative voltage
sweeps (‘erase’) in the bipolar device. The transition from LRS to
HRS is reproducibly controllable through intermediate resistance
states. The current levels are well distinguishable. (b) Tuning of LRS
levels can be achieved by using consecutive set and reset steps. (c)
Pulse setting with varying pulse width ranging from 20 to 40 ns. (d)
Pulse resetting with stepwise increasing pulse width by 5 ns from 20
to 105 ns. (e) five consecutive pulse depression/potentiation cycles
with constant pulse width, voltage amplitude, and pulse number (50
pulses of depression and 40 pulses for potentiation) showing ratios
up to 5.

dissipation [43] and, therefore, can be described as a write
error. In 400 nm thick polycrystalline titanium oxide films,
the spontaneous dissolution of the CF upon reducing the
electric field was related to thermal diffusion assisted by the
repelling coulombic forces of the ionized vacancies [44].

As mentioned before, the dominant conduction mech-
anism was investigated under both bipolar and unipolar
operation. The low resistive state shows ohmic behavior for
both BRS and URS as shown in figures 1(h) and 2(d),
respectively, with a slope of =1 in double-logarithmic
depiction of the I-V curves. The HRS, however, was found to
be dominated by the Schottky-mechanism in bipolar, as well
as in unipolar switching mode. The Schottky-type conduction
is described by [45]

I =AT?exp{(BV'/? — ®)(kKT)" !} ey
8 = (€3 /4mege, ) /2 2

where A is the Richardson constant, T is the absolute
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temperature, ® is the barrier height, k£ is Boltzmann’s con-
stant, e is the elementary charge, ¢, is the permittivity of free
space and ¢, is the relative permittivity. Typically, a Schottky-
contact forms at electrodes with high work function, resulting
in a rectifying behavior. For BRS, we have observed such
diode-like behavior with a high non-linearity of ~10 for
opposite bias polarities, which is especially pronounced in the
first 400 DC cycles (figure 1(e)). Here, the current is about
one order of magnitude higher under positive bias than for the
negative voltage direction, suggesting the formation of a
dominant Schottky-barrier at the Pt electrode [46]. Similar
tendencies were found for yttria-based RRAM devices with
another high work function electrode, namely Ruthenium [35]
and for TiN/SrTiO;/Pt devices [47]. Additionally, the
ln(I/Tz) — V2 plot shows the expected linear behavior
(figures 1(i) and 2(e)) allowing for the extraction of the barrier
height which was found to be ~1.00eV at the correlated
Y,05/Pt junction. In the case of URS, the calculated barrier
height of ~1.06eV is very similar to the value obtained in
BRS. The observed conduction mechanism and barrier
heights are in good agreement with results obtained on
Metal/Y,03 /Pt devices [48].

Figures 2(h) and (i) show the results of high temperature
data retention measurements obtained at 85 °C for four URS
and BRS devices, respectively. The ten year extrapolation
shows that data is retained in the measured cells in both HRS
and LRS in both switching modes. In the case of the devices
which were operated in the unipolar mode, resistance is barely
changed and shows almost no degradation in all measured
devices. The devices operated in a bipolar mode also exhibit
promising retention characteristics. The two different resist-
ance states of the HRS seen in figure 2(i) represent devices
with different stresses, where ‘devicel’ was cycled approxi-
mately 200 cycles more than ‘device 2’.

One possible way to achieve higher data density is the
realization of multi-bit storage in RRAM. This is usually
carried out by stabilizing multiple current levels by either
varying current compliance during the set or controlling the
reset voltages. The gradual reset seen in the bipolar device
allows for reproducible control of the transition from LRS to
HRS through stable intermediate high resistance states. One
method to achieve these states is shown in figure 3(a). First,
the DUT was brought into LRS with a negative voltage sweep
to —2.5V. Then, starting from this LRS, the voltage was
swept from +1.3V to +2.5V in 0.3V increments (‘write’
operation, reset process in BRS mode) with a consecutive
voltage sweep to —2.5V after each positive sweep to enter
the LRS state again (‘erase’ operation, set process in BRS
mode). During this operation sequence, the intermediate
resistance states were found to be stable and well repro-
ducible. When plotting the data in linear scale (figure 3(b)) in
the range up to 1.9V for the reset voltage the gradual char-
acter becomes obvious not only in the reset process, but also
in the set process. As shown in figure 3(b), this behavior can
be used to access intermediate states also by consecutively
varying the set voltage. Thereby, the devices can be operated
by systematically increasing set steps followed by con-
secutive individual resets. Overall, this allows for accessing

different resistance states by set and reset processes, enabling
multilevel operations. This gradual switching behavior can
also be accessed by using pulse stimuli as employed for
practical memory as well as neuromorphic applications as
shown in figures 3(c)—(e), respectively. Here, the resistance
could be modulated by applying pulse stimuli with constant
voltage amplitudes (2.8 V for reset and —1.6 V for set).
Resistance ratios of over more than two orders of magnitude
for reset and almost two orders of magnitude for set could be
achieved. In the experiment, only the pulse width is varied
from as low as 20ns up to 105ns pulses as displayed in
figures 3(c) and (d), respectively. For synaptic applications,
the synaptic weight, here resistance, could also be changed
reproducibly as a function of fixed numbers of pulse stimuli
with constant pulse width for potentiation (40 pulses with
—1.8'V for 30 ns) and depression (50 pulses with 2.8 V for
20 ns). In this example (figure 3(e)), the device is shown to
run through 5 consecutive cycles of weight increase followed
by weight decrease with an overall resistance ratio of about 5.

4. Conclusion

In this study, we report for the first time the coexistence of
bipolar resistive switching and unipolar resistive switching
within one stack combination based on yttrium oxide. The
URS is characterized by a high on-off-ratio with low
switching variability, excellent data retention and DC
endurance. In both BRS and URS, the conduction behavior of
LRS and HRS have been identified as ohmic conduction and
Schottky emission, respectively. The BRS is characterized by
low variability, good data retention, high DC endurance, and
average on-off-ratio above 100. Additionally, the obtained
concurrent gradual transitions during BRS set and reset which
have been employed in pulse depression and potentiation
operations with shown plasticity over about two orders of
magnitude make RRAM based on yttrium oxide an interest-
ing alternative candidate for neuromorphic synapses. Com-
bined with its characteristic of being forming-free and having
low operation voltages, RRAM based on yttrium oxide is
highlighted as a suitable material candidate for new high
density non-volatile memory technologies. The reported
forming-free behavior has been related to a preferential defect
chain along the [110] direction of the cubic yttria phase and
should be further investigated in future.
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