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Abstract
In this dissertation, memristor devices were built and optimized at INESC-MN’s clean room.
Several sets of devices were fabricated with different materials, thickness and stoichiometry using
different deposition techniques. Different isolators were deposited with a plasma beam with different
flux of Argon and Oxygen in metal targets such as Tantalum and Tungsten-Titanium metal alloy
to create insulator-metal-oxide-insulator transition. MgO was deposited by sputtering and by ion
beam deposition. Simple oxide were characterized by RBS and electrically. Four terminal devices
were microfabricated using a 1 or 3 level of lithography method, down to 1x1 µm2 . Samples based on
Ta and TiW oxides revealed bipolar hysteresis curves, as expected in memresistive memory systems
but with low resistivity values and low ratio the RON /ROF F between ≈101 and ≈102 , respectively.
However, the TiW-oxide showed a slightly higher resistivity and more stability and reliability than
Ta-oxide. MgO reveals a promising insulator for memresistive devices with ratios ROF F /RON '103 108 , with reliability >105 cycles, with durability reading (>3500 s). The microfabricated devices with
MgO insulator reveal hysteresis with bipolar behaviour with sweep low voltage (<1 V) and unipolar
behaviour with sweep high voltage (∼5 V). In unipolar hysteresis, the voltage ’set’ / ’reset’ and the
ratio ROF F /RON depend on the current compliance. It was possible to acquired four different resistive
states with the variation of the signal polarization.
Keywords: Memristor, Microfabrication, Magnesium oxide, Thin film oxides, Ion Beam Deposition,
Resist Switching

1. Introduction

in terms of application, modelling and design, but its
switching mechanisms are still to be understood. The
memristor has the non-volatility of flash memories, the
cost benefits of dynamic RAMs and the speed of static
random access memories (SRAMs). Furthermore, it has
the ability of storing digital data and performing logic
functions in the same device, which can change entirely
the classic von Neumann computer architecture [2] [3].

The modern non-volatile memories (NVM) from today,
such as Flash memory, spin-based memories (magnetoresistive random access memories, MRAM), ferroelectric random access memory (FeRAM) or phase-change
random access memory (PCRAM), have been successfully scaled down through technological improvements,
but these memory devices have significantly large memory cell sizes that can come against some technical and
physical limits in the future. To overcome this problem,
new alternatives have been proposed by introducing new
materials and three dimensional structures. The future
NVM data memories should display characteristics of
high performance in endurance and retention of memory, fast write and read access, low energy operation,
high-density and low cost.
Chua [1] theorized a fourth passive electronic element. He coined the missing element, the memristor,
’memory-resistor’. The memristor is a fundamental
passive electric element, since it is impossible to build
an equivalent non-linear circuit using only resistors, capacitors and inductors. The memristor can be made as
thin as a single atom and has attracted enormous interest for its potential in electronics, computing engineering and neuromorphic engineering. It is a recent device

2. Background
2.1. Resistive Switching Mechanisms
The resistive (switching) random access memory
(RRAM) cell is generally composed by insulator materials sandwiched between two electrodes (metal - insulator - metal (MIM)). The insulator material can be
chalcogenides [4],[5],[6],[7],[8] and organic compounds
[9],[10] that show resistive switching phenomenon. This
effect is also at the base of the behaviour of the memristor devices
The different resistive switching modes can be classified based on two types of electrical polarity RS: unipolar (nonpolar) and bipolar, from typical I-V curves in
figure 1. The two methods of switching in RS memories
are responsible for cation/anion migration or formation
of a filament. These mechanisms for switching are de-
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Figure 1: Classification of the switching characteristics in
a voltage sweeping experiment. Depending on the specific
system, the curves vary considerably. The purpose of these
sketches is to differentiate between the two possible switching
directions, (a)unipolar or (b) bipolar switching mechanism.
Dashed lines indicate that the real voltage at the system will
differ from the control voltage because of the compliance
current in action. Adapted from Waser et al.,2007 [11]

(a)

(b)

Figure 2: (a) Structure of MR1 to MR6 samples (Group 1),
bottom and top Ta layers have an interlayer of Ru, to avoid
the grown of large mono crystals in the Ta deposition. (b)
Deposition method for the MR1 to MR6 samples (group 1),
MODS starts with a control deposition of fraction t thickness
of Ta layer, with different thickness for each sample: Then a
Remote O2 and Ar Plasma is created during 90 seconds in
Nordiko 3600, to form a thin nanolayer of TaOx on the top of
Ta layer. These steps are repeated until the total thickness
is 100 Å.

scribed in detail by Waser and Aono [11].
The unipolar (nonpolar) resistance switching (URS)
does not depend on the polarity of the voltage neither
on the current of the signal, but depends on the applied voltage amplitude. As we can see in the example in figure 1(a), a system in the high resistance state
(HRS) is switched by a voltage threshold to the low resistance state (LRS) and the current is limited by the
compliance. Resetting back to the HRS can happen
with negative or positive polarity at a voltage below
the on threshold. A much higher current is observed for
switching to the HRS.
In figure 1(b), the bipolar resistance switching (BRS)
depends on the actual state and the polarity of the signal. The SET operation occurs at a negative voltage
threshold and the current compliance (CC) is limiting
the LRS, and the RESET operation occurs at the opposite polarity. The HRS retains its ”memory” independently of the positive voltage amplitude until a new Set
occurs in the negative voltage.

in figure 2, with t thickness of (5, 10, 15, 20, 25, 50Å)
and ’n’ depositions steps (20, 10, 7, 5, 4, 2) respectively:
MR#1-6: / Subs Si / Al2 O3 1000 Å/ Ta 500 Å/ Ru
100 Å/ Ta 500 Å/ [Ta t / Oxide 90]n (100 Å) / Ta 500
Å/ Ru 100 Å/ Ta 500 Å
.
Figure 2 (a) shows the schematics of a bottom (Ta)
/ insulator (TaOx) / top (Ta) MIM structure. Figure 2
(b) shows the steps during the insulator deposition for
the MODS. The insulator was deposited with steps of
sublayers of Ta with different thickness for each sample,
with the surface of each sublayer exposed with remote
plasma of 14 sccm O2 and a 2 sccm Ar flow during 90
seconds, to form a nanolayer of Ta-Oxide. The deposition and the oxidation of each sublayer was repeated
until the total insulator thickness reached 10 nm.
The second group of samples designated from MR7
to MR11, the insulator was deposited from a Ta target
with Ion Beam Assisted Deposition (IBAD) simultaneously with a Ar and O2 mixed plasma. Each sample,
from MR7 to MR11, have a different insulator thickness of (100, 150, 200, 250, 300)Å respectively, shown
in figure 3.
In figure 4 different films in glass substrate, with
IBAD method of Ta and Ti-W alloy metal target simultaneously with Ar and O2 mixed beam, by simply
changing the Ar and O2 flow in the assist beam. The
Ti-W target alloy has a stoichiometric ratio of W/Ti '
2.88 ± 0.76 [13].
In order to characterize the resistivity of Ta-O and WTi-O films, it was used a four probe method arranged
linear in a straight line ,following the schematic in figure
5, with the equation 1

3. Sample preparation
The samples from group 1, 2 and 3 were prepared in
Silicon substrates with 100 nm Alumina (Al2 O3 ). For
the last set of films deposited (group 4 and group 5),
Si/SiO2 /Ti 25 nm /Pt 150 nm substrates were also
used, so that the Pt film could also be used as the bottom electrode. Details of the deposition conditions are
in [12] chapter 2.2. Group 1, 2, 3 and 5 were deposited
in Nordiko 3600 by Ion Beam Deposition (IBD) with
the deposition conditions: V1 = +1200 V / V2 = -275
V / V3 = -50 V , I = 171 mA, 4 sccm Xenon; the deposition of the metal targets (Ta, TiW, Ru) were assisted
with V2 = -100 V from the assisted gun, with working pressure of ∼ 1×10−4 Torr. Samples from Group
4 were deposited in Nordiko 2000 by magnetron sputtering: MgO (9.8 sccm Ar flow, V = 186 V , DC power
129/0 W, working pressure of 13 mTorr, 50% distance
between target and sample); Ru (7.8 sccm Ar flow, V
= 330 V , I = 40 mA, working pressure of 5.1 mTorr,
100% distance between target and sample).
In the first group of samples (designated as MR1
to MR6) a Multilayer Oxide Deposition Step (MODS)
method was used to deposited the insulator, described

ρ=

t×d×R
,
L

(1)

where R is the electrical resistance of a uniform object

2

in the colours oxide deposit films of TiW in the transition from 8 sccm O2 flux, there is also a transition in
the resistivity response in figure 6(a) and (b).
The Ta film resistivity was 236±119 µΩ · cm, for a 50
nm thick film. Ta exists in two crystallines phases, alpha
and beta [15]. The β-Ta has a resistivity of 200±50
µΩ · cm between 3-300 nm thickness [16] [17], similar to
the values measured for this thesis.
The resistivity of 40 nm thick W-Ti film was 175±55
µΩ · cm, agrees with the previous referred experimental data in the resistivity of Ti and W, but assuming

(a)

(b)

Figure 3: (a) Structure of MR7 to MR11 samples (Group
2), bottom and top Ta layers have an interlayer of Ru, to
avoid the grown of large mono crystals in the Ta deposition.
The insulator layers of TaO8 and TaO15 were deposited using an IBAD of Ta metal target simultaneously with a Ar
and O2 mixed remote Plasma. (b) IBAD deposition method
for the MR7 to MR11 samples (group 2) during the deposition of the Insulator layer (TaO8 and TaO15) using IBAD on
a Ta target simultaneously with a Ar and O2 mixed plasma
beam, using the Nordiko 3600.

Figure 5: Resistivity measurement montage. It is generated a direct-current ’I’ in the farther tungsten needles with
an average distance of 2’L’. Tension ’V’ is read directly in
tungsten needles with a fix distance of ’L’, ’d’ is the width
of the sample and ’t’ is the thickness of the sample.

Figure 4: Photograph of the glass substrates with Ta-Oxide
and TiW-Oxide. From left to right: increasing O2 flow leads
to higher O2 incorporation, from metallic to transparent
films.

of the material in Ohms (Ω), L is the length of the piece
of material in meters (m), t×d is the cross-sectional area
of the object defined by width and depth respectively
and both in meters, and ρ is for resistivity and is SI unit
is the ohm · metre (Ω · m).
As expected, it was observed a exponential variation in resistivity, in figure 6(b) with the increase of
O2 flow during the deposition of Ta and TiW. In the
same way there was a variation in transparency from
metallic opaque to transparent, with the increase of O2
flow (figure 4). The exponential behaviour of resistivity
versus O2 flow agrees with other works [14].
The resistivity of metal Ta is higher than Ti-W, but
the resistivity of TiW-oxide becomes higher than the
Ta-oxide, under the same oxidation conditions denoting
a better oxidation efficiency. Similarly to what happens

Figure 6: Results from deposition and resistivity from the
Ta-oxide and TiW-oxide deposited in INESC-MN. The TiW
with zero of O2 flux (TiW) was deposited at a different beamsample angle.(a) Deposition rate vs O2 flux; (b) Resistivity
vs O2 content in the plasma.
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composition of 70% β-W to 30% Ti as average approximation (292±142 µΩ · cm)[18], [19], [20] and [21].
The TaO8 (Ta deposition with 8 sccm O2 flux) had a
resistivity of ∼105 µΩ · cm. The exponential behaviour
of resistivity versus O2 deposition flux and the resistivity values of Ta-Oxide agrees with other works [14].
The third group of samples designed from MR12
to MR23, follow the sequence stacking pillar Suba:substrate Si/ Al2 O3 100 nm/ Ta 50 nm/ Ru 10 nm/
Ta 50 nm/ Ru 10 nm/ Insulator / 20 nm Ru, with the
structure in figure 7. The insulator was deposited using
IBAD. Six samples were deposited from Ta target and
another six samples using Ti-W alloy target. All twelve
samples have different oxide insulator heterostructure,
with variation in the thickness and plasma Ar and O2
concentration during deposition, or with or without remote Ar and O2 plasma exposition on the surface of the
oxide layer.

MR24:
Sub-b /150 Å
Al2 O3 / 200 Å Ru
MR25:
Sub-b /550 Å
Al2 O3 / 200 Å Ru
MR26:
Sub-b /50 Å
MgO/ 200 Å Ru
MR27:
Sub-b /50 Å
MgO/ Oxidation outdoor
60 / 200 Å Ru
MR28:
Sub-b /150 Å
MgO/ 200 Å Ru

Figure 8: Structure of MR24 to MR28 samples
(group 4).

MR12: Sub-a /500 Å TaO8/
200 Å Ru
MR13: Sub-a /500 Å TaO8/
50 Å TaO15/ 200 Å Ru
MR14: Sub-a /500 Å TaO8/
100 Å TaO15/ 200 Å Ru
MR15: Sub-a /500 Å TaO8/
150 Å TaO15/ 200 Å Ru
MR16: Sub-a /500 Å TaO15/
200 Å Ru
MR17: Sub-a /500 Å TaO8/
O2 8 sccm Plasma 600/ 200
Å Ru
MR18: Sub-a /500Å TiWO8/
200 Å Ru
MR19: Sub-a /500 Å TiWO8/
50 Å TiWO15/ 200 Å Ru
MR20: Sub-a /500 Å TiWO8/
100 Å TiWO15/ 200 Å Ru
MR21: Sub-a /500 Å TiWO8/
150 Å TiWO15/ 200 Å Ru
MR22:
Sub-a
/50
0Å
TiWO15/ 200 Å Ru
MR23: Sub-a /500 Å TiWO8/
O2 8 sccm Plasma 600/ 200Å
Ru

MR29-a:Sub-a/50 Å MgO/200 Å Ru/50 Å Ta
MR29-b:Sub-b/50 Å MgO/200 Å Ru/50 Å Ta
MR30:Sub-b/200 Å MgO/200 Å Ru/50 Å Ta
MR31:Sub-b/200 Å MgO/ ORemote 100”/200 Å Ru/50 Å Ta
MR32-a:Sub-a/200 Å MgO/ ORemote 600”/200 Å Ru/50 Å Ta
MR32-b:Sub-b/200 Å MgO/ ORemote 600”/200 Å Ru/50 Å Ta
MR33:Sub-b/200 Å MgO/ OBeam 100”/200 Å Ru/50 Å Ta
MR34-a:Sub-a/200 Å MgO/ OBeam 600”/200 Å Ru/50 Å Ta
MR34-b:Sub-b/200 Å MgO/ OBeam 600”/ 200 Å Ru/50 Å Ta
MR35:Sub-b/200 Å MgO/TaO8 (17”)/200 Å Ru/50 Å Ta
MR36-a:Sub-a/200 Å MgO/TaO14 (20”)/200 Å Ru/50 Å Ta
MR36-b:Sub-b/200 Å MgO/TaO14 (20”)/200 Å Ru/50 Å Ta

Figure 7: Structure of MR12 to MR23 samples (group 3).
The fourth group of samples designated from MR24
to MR28 were deposited using these stacking sequences
in figure 8, with the substrate designated Sub-b (SiO/
Si/ SiO/ Ti 25 nm/ Pt 150 nm/ Ru 10 nm/ Insulator/ Ru 20 nm. The insulator was deposited by magnetic sputtering from MgO target. Two samples were
deposited (MR24, MR25) with Al2 O3 in the correspondent insulator layer. These samples were used to verify
if there was short-circuit in the micro structures after
the microfabrication.
The fifth group of samples designed from MR29 to
MR36 were deposited with these stacking sequences in
figure 8. Both substrates ,Sub-a and Sub-b, were used
for the bottom electrodes of Ta and Pt respectively. The
insulator was deposited by IBAD from MgO target, simultaneously with a Ar plasma.

Figure 9: Structure of MR29 to MR36 samples
(group 5).

Once the microfabrication was finish, some samples
were annealed and statistical information was collected
on groups of MIM structures to characterize (e.g. Resistivity, switching voltage-current, reliability, Rutherford
backscattering spectrometry analysis).

4. Microfabrication

5. Results
5.1. Rutherford Backscattering Spectrometry

The microfabrication of the devices used along this work
is achieved by combining photolithography, etching and
lift-off techniques. All the microfabrication process was
done at INESC MNs clean-room facilities. In this work,
two microfabrication processes were used: Process A)
single lithography fabrication process, figure 10; Process
B) an optimized Current-perpendicular-to-plane (CPP)
device microfabrication, figure 11.

The Rutherford Backscattering Spectrometry (RBS)
measurements were made at Nuclear and Technological
Institute, using a 2. M eV 4 He beam with an 15o angle of incidence. The RBS data was analysed with IBA
DataFurnace v9.5f. (NDF) software [22]. In the annealed samples, it was included roughness/intermixing,
for better fittings. It is not possible to distinguish be-
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(a) mask A

(b) device A

Figure 10: (a) Autocad mask from Process A (b) micro
structures from Process A.

(a)

(a) mask B

(b) device B

Figure 11: (a) Autocad mask from Process B. (b) micro
structures from Process B.

tween ’roughness’ and ’intermixing’ with the IBA techniques. For the fittings, the oxide stoichiometry was a
free parameter. A normalization was required for better
comparison of the RBS results.
Figure 12 shows the insulator’s stoichiometry for the
different samples with Ta-O films.
In figure 12(b) of the stoichiometry of the insulator
Ta-O layer, the ratio O/Ta increases with the flow of
O2 . With the annealing process, the ratio O/Ta slightly
decreases duo to the oxygen diffusing to the interface
layer.
Ta can form two oxidation states (Ta2 O5 and TaO2 )
[61]. The ratio results it indicates that sample MR12
(ratio 2.16±0.10) have a stoichiometric ratio similar to
TaO2 while MR16 (ratio 2.73±0.29) have a stoichiometry similar to the Ta2 O5 .
Figure 13, shows the stoichiometry of the different
samples with TiW-O insulator. With the annealing,
the oxygen decreases and the titanium and tungsten increase in the insulator, meaning that the oxygen may
have diffused in the outer Ru layers. The transition from
sample MR12 to MR17 and MR16 shows a increase of
oxygen and a decrease in titanium and tungsten percentages. Perhaps more oxygen atoms were trapped
or incorporated in the insulator structure. W/Ti stoichiometry of previous works from N3600 was 3.19±0.02
and from N7000 was 2.57±0.76 [13]. The stoichiometry
of the Ti-W-O insulator are in table 1.
There are physical responses in the TiW films with
the variation of the oxygen flow. The TiW thin films
with low oxygen flow are still partially metallic, but
there is a exponential evolution in the resistivity with

(b)

Figure 12: (a) Stoichiometry from fitting the RBS experimental spectra. (b) Stoichiometry of the TaOx films. (+) is
referring to the samples that have 300 o C annealing during
60 min.

Figure 13: Stoichiometry of the insulator TiW-O layer obtained from fitting the RBS experimental spectra.
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Table 1: Ratio stoichiometry of insulator TiW-O
layer
Samples
MR18
MR18+
MR23
MR23+
MR22
MR22+

W/Ti
3.29±0.44
2.74±0.35
2.33±0.41
2.29±0.37
2.99±0.57
2.64±0.43

O/W
1.85±0.21
1.87±0.22
3.35±0.48
2.94±0.40
3.37±0.47
2.86±0.38

O/Ti
6.10±0.68
5.12±0.52
7.79±0.84
6.74±0.69
10.07±1.27
7.55±0.83

(a)

(b)

Figure 15: Resistance vs Area−1 of samples MR1 and MR7
before and after annealing. (a) Resistance vs Area−1 from
sample MR1 as deposited and annealed 200o C. (b) Resistance vs Area−1 from sample MR7 as deposited and annealed
200o C.

Figure 14: Four probe measurement.

the oxygen flow. A transition in colour, resistivity, deposition rate and Oxygen/TiW ratio concentration are
visible in the same limit (8 sccm O2 flow). Ti have the
lowest contribution in the stoichiometry at the insulator, but Ti thin films deposited with oxygen flow have
the same behaviour [23].
The ratio stoichiometry of TiW-O layers changes differently with the oxygen flow, maybe because the formation of different crystalline structures or different oxidation affinities of W and Ti. W resists attach by oxygen
[24] and Ti metal and its alloys oxidise easily [25].
The plasma exposition on the surface insulator may
have created a thin stable oxide coat, a passivation layer
which prevents further oxidation. [26].
The insulator layers from all samples, except MR22,
has increased diffusion of oxygen to the interface layers
after the annealing. The sample MR22 had form a more
stable oxide insulator layer.
Additional research further research will help understand further our results, using transmission electron
microscopy (TEM) for example and X-ray crystallography to determine the atomic and molecular structure.

(a)

(b)

Figure 16: I-V characteristics of planar measurements in
Ta films on the bottom surface of the samples of the first
and second groups. The distance between the needles was
approximately 200 µm. (a) Hysteresis behaviour in sample
of the first group. (b) Reliability in sample of the second
group.

vealing an hysteresis, seen in figure 16, which should
not be there. A Ta-oxide film that is created in the
surface contact with the needle can be responsible for
the menristive behaviour. Since the Ta is an oxygen
trapper, and the electric current near the needles generates heat by ohmic heating, the oxidation of the Ta
film surface that was in direct contact with the air [22],
is accelerated.
The resistivity from the third group of devices, vary
between ≈105 -108 µΩ · cm. After the annealing, the
resistivity from the devices decreased almost two orders
of magnitude (≈104 -106 µΩ · cm).
In table 2 we can observe the overall picture of RS
type and its reliability. All the devices from MR12 to
MR17 showed a bipolar RS, but very low reliability, like
the example in figure 17.
The resistivity of TiW-Oxide insulator devices varies
between ≈ 104 µΩ· cm and ≈ 107 µΩ· cm. These devices
are less resistive than the Ta-Oxide insulator devices (≈
105 µΩ· cm and ≈ 108 µΩ· cm ).
In figure 18, the device initially exhibits a hysteresis
behaviour of type I, with a ROF F /RON ≈ 25. For the
next ten cycles, it continued to exhibit hysteresis behaviour of type I with the ratio ROF F /RON ≈15, but
maintaining the same LRS (≈4 Ω) and decreasing the
HRS (≈60 Ω).
The devices with TiW-oxide insulator did have higher
ratio ROF F /RON and better reliability than the Taoxide insulator, with more stable values.
In table 3 we can observe the overall picture of RS
type and its reliability. Some samples from MR18 to

5.2. Electric transport measurements
Microfabricated devices were characterized electrically,
in two measurement setups, one was used in INESCMN, and the other was used in IFIMUP. The electrical measurement were performed perpendicularly across
the Oxide layer (Current-perpendicular to plane configuration) with four probe arrangement, figure 14.
The first group has a very low resistance (≈3 Ω),
while the second group higher resistance (≈40 Ω). Both
groups were annealed at 200o C for 1 hour in vacuum.
Figure 15 demonstrates the results from that annealing.
All the devices from the first group show a decrease in
resistivity after the annealing. None of the devices from
the second group showed any difference in resistivity
after the annealing.
By measuring bottom to bottom, in direct contact
with the Ta, an I-V characteristic was noticeable re-

6

Table 2: RS performance of the Ta/Ru/TaO/Ru
samples
Samples

Insulator stack

Switch Resist
type

cycles

MR12

500 Å TaO8

Bipolar

4

MR13

500 Å TaO8 /
50 Å TaO15
500 Å TaO8 /
100 Å TaO15
500 Å TaO8 /
150 Å TaO15
500 Å TaO15

Bipolar

3

Bipolar

2

Bipolar

2

Bipolar

12

500 Å TaO8 /
O2 8sccm Plasma 60’

Bipolar

3

MR14
MR15
MR16
MR17

(a)

Figure 17: Continuous V-I measurement of a MR16 (50 nm
TaO15 insulator) sample with a device area of 1 µm2 . A positive cycle of current was initially applied to the device and
the initial resistance was 66 Ω. An electroforming step occurs in the first cycle, changing the device to the LRS (6 Ω).
Continuing the cycle to the negative current, the device was
reset to the HRS (23 Ω). (1) Repeating the positive current
sweep cycle, the device retains the HRS (24 Ω) until the voltage reached the compliance tension (0.8V). (2) The device
was set back to the LRS (6 Ω) once the device reached the
compliance tension (0.8 V ). (3) By decreasing the current
to the negative values, the device continues to exhibit a linear resistive behaviour (6 Ω). (4) Once the current reached
≈50mA, the tension reached the compliance value (0.8 V )
and the device changed to the HRS (23 Ω). (5) Decreasing
the amplitude of the negative current, the device continues
to exhibit linear resistive behaviour (23 Ω).

(b)

Figure 18: Continue I-V measurement of MR21 (from the
third group, with Ta-Oxide insulator) sample in an area device of 25 µm2 . (a) I-V measurements;(b) I-R measurements.
The device was initially in a HRS (≈100 Ω), applying a
negative current sweep slightly increased the device’s resistance, without causing any switching. With a positive current sweep, the device switched to a LRS (≈4 Ω) at approximately 50 mA. The device retained a LRS while reducing
the current to negative values, down to -50 mA, where the
device switches back to a HRS (≈90 Ω).

exhibited both bipolar and unipolar RS. Each switching have different electronic signatures; the bipolar RS
is best achieved using current-controled measurements,
Table 3: RS performance of the Ta/Ru/TiWO/Ru while the unipolar RS it is observed with voltagesamples
control; the bipolar RS have a smaller voltage range
Samples
Insulator stack
Switch Resist Reliability (<1 V) during the RS, while the unipolar have a wider
voltage range during the RS.
type
cycle
MR23 showed a bipolar RS, but very low reliability.

MR18

500 Å TiWO8

No hysteresis

-

MR19

500 Å TiWO8 /
50 Å TiWO15
500 Å TiWO8 /
100 Å TiWO15
500 Å TiWO8 /
150 Å TiWO15
500 Å TiWO15

No hysteresis

-

Bipolar

6

Bipolar

>24

No hysteresis

-

500 Å TiWO8 /
O2 8sccm Plasma 60’

Bipolar

10

MR20
MR21
MR22
MR23

In figure 19 a low range of voltage [-0.8; 0.6] V was
applied; when a higher range of voltage [-10; 0] V was
applied, the device in figure 20 had exhibit a unipolar
symmetric resistive switch behaviour in negative cycles.
Figures 19 and 20 shows the V(I) and I(V) characteristic
in the same device.
Many references have discuss both these behaviours,
associating an unipolar behaviour to thermal-based
mechanisms, while the bipolar is driven by the electrochemical reactions in the devices stacks. Other works
with different metal oxides have reported the coexistence of the unipolar and bipolar resistive switching behaviour [27], [28], [29] and [30], tuned or controlled by

The devices with the insulator layer of MgO have
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Figure 19: Pulsed V-I measurement of MR27 (50 nm MgO
insulator and outdoor oxidation during 60 minutes) sample
in a area device 9 µm2 . (1) Very low resistive state (< 1
Ω). (2) The electroforming occurred with the current in the
positive direction around 10 mA to a resistive state of 16 Ω.
(3) With the continue increasing of current to 50 mA, the
resistance start to diminish to LRS (7Ω). (4) From 50 mA to
-45 mA the device maintain its LRS (7Ω) until the threshold
-45 mA, (5) where it switch to HRS (25Ω). (6) A positive
current sweep was applied again, revealing the preservation
in the HRS of the device and the set switch to LRS (7Ω).
Repeating the current sweep will repeat the hysteresis cycle.

Figure 21: Voltage applied when the Resist Set Switch
occur in the device with different compliances. With the
increase in current compliance, the voltage to Set switch increases and reach a threshold of 4 V.

Figure 22: ROF F /RON ratios obtained with different compliances Set. The fit is

Figure 20: Electrical characteristic of MR27 (5 nm MgO

ROF F
RON

∼ √

A
Icompliance

+ C.

insulator / outdoor oxidation during 60 minutes) sample in
a area device 9 µm2 .

electroforming, device area and electric field.
In the unipolar RS, the set/reset voltages and the
ROf f /RON ratio also depend on the current compliance, as shows in figures 21 and 22. The OF F /RON ratio decays approximately with square-root of the current
compliance Set. The dependence with the current compliance was observable in all the unipolar samples, being possible to obtain different resistive stages for HRS,
LRS and consequently also for the ratio ROF F /RON . It
was also reported dependence of current compliance on
current Reset in other MgO memory devices [31]. Other
works with insulator ZnO have also shown multistate resistance by controlling different current compliance and
Reset-stop voltages [32].
To evaluate the stability and durability of the device
during reading, a constant voltage was applied over long
periods of time. Figure 23 shows a constant resistance
during the first 1000 seconds (the LRS constant and stable). After 1000 seconds, the LRS still remains constant
but with a noise that increases over time.
To investigate the reliability characteristics of the
Pt/Ru/MgO/Ru memory devices, the LRS and HRS

Figure 23: Electrical resistance of MR28 (15 nm MgO insulator) in an area device of 64 µm2 , constant voltage (5
mV ) applied over time.
cycling endurance were measured. Figure 24 shows the
reliability of MR26. All samples deposited in Nordiko
2000 (by magnetron sputtering) have confirm high reliability, with values superior to 3×104 cycles. Although
both MgO insulators from different deposition methods
reveal similar resistive behaviour, the magnetic sputtering method (Nordiko 2000) led to a larger number of
viable devices.
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With the technology present in INESC-MN and
IFIMUP will be possible to optimize a device with MgO
insulator witch can surpass the state of the art technology in RRAM.
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