Resistive switching phenomena in TiOx nanoparticle layers for memory applications
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Abstract
Electrical characteristics of a Co/TiO4/Co resistive memory device, fabricated by two different methods
are reported. In addition to crystalline TiO, layers fabricated via conventional atomic layer deposition
(ALD), an alternative method has been examined, where TiOx nanoparticle layers were fabricated via
sol-gel. The different devices have shown different hysteresis loops with a unique crossing point for the
sol—gel devices. A simple qualitative model is introduced to describe the different current-voltage
behaviours by suggesting only one active metal-oxide interface for the ALD devices and two active
metal-oxide interfaces for the sol-gel devices. Furthermore, we show that the resistive switching
behaviour could be easily tuned by proper interface engineering and that despite having a similar active

material, different fabrication methods can lead to dissimilar resistive switching properties.



Resistive switching (RS) is emerging as a promising mechanism for future generation of memory
devices.' ~* It refers to the reversible change in the resistivity of a dielectric media by the application of
electric pulses.* The typical RS memory cell is composed of a thin oxide film that is sandwiched
between two metallic electrodes. Electric pulses applied between these electrodes switch the resistance
state of the oxide between two non-volatile states. Among the many binary and complex oxides already
proposed as active layer in these RS devices, TiO, (grown by sputtering, atomic layer deposition

(ALD) or thermal evaporation) is one of the most often used materials.>

Motivated by the possibility
of scaling down to nanomaterials, which would lead to reduced fabrication costs of such nanodevices,
we investigated the RS phenomenon in TiOx nanoparticle layers. Up to now, only few reports have
been published for resistive switching in nanoparticle layers, leaving unanswered questions regarding
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the conduction mechanisms occurring in these peculiar systems.

In this letter, we study the resistive switching phenomena in devices with TiOx nanoparticles
(spheres of about 3 nm in diameter) as active layer, fabricated using sol-gel technique and compare it to
devices using conventional TiO, thin films prepared by ALD. We discuss the main differences between
the resistive switching phenomena observed in each case and propose a model showing that these
differences arise from the fact that opposite interfaces govern the resistive switching in each one.
Whereas in the ALD-based devices the bottom interface is not switching, in the sol-gel-based devices
the bottom interface shows a larger resistance modulation. Our results will contribute to the

incorporation of nanoparticles into real memory devices of reduced dimensions at lower costs.

The studied devices are vertical stacks of metal/TiOx/metal deposited on a SiO,/Si wafer (Fig. 1(a)).
The fabrication involves first the deposition of a 40-nm-thick Co bottom electrode on the SiO,/Si
substrate. Next, a 55-nm-thick TiOy layer is grown as described below, and finally Co (40 nm thick) /

Pd (35 nm thick) square top contacts with 100 pm x 100 pm area are defined by photolithography. We
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have two different types of samples: samples with the TiO, thin film prepared by ALD '® and samples

with the TiOy layer prepared by sol-gel method. !’

In the case of the ALD-based devices, TiO; films were deposited by ALD on top of the Co bottom
electrode using Tetrakis(dimethylamino)titanium as the precursor, H,O vapor as the oxidant, and N, as
the purging gas between pulses. The films were grown at 210 °C. The purge time between the Ti
precursor and the H,O was 5 s, and between the H,O and a second pulse of Ti precursor was 10 s. The
film is crystalline, as seen in the High Resolution Transmission Electron Microscopy (HRTEM) images
(Figs. 1(b) and 1(c)). For the sol-gel-based devices, TiOx was prepared as follows.' Titanium
isopropoxide TifOCH(CHs)2]4 (97% 4.5 ml from Aldrich) was used as a precursor. The precursor was
mixed with n-propanol CH3CH,CH,OH (99.5%, 10 ml from Aldrich) and AcAc CsHgO; (99%, 1.6 ml
from Aldrich). Afterwards the solution was mixed and 1 ml was taken from it into a new vial where it
was mixed with n-propanol CH3;CH,CH,OH (99.5%, 1.6 ml from Aldrich) and 0.2 ml of de-ionized
water purified using a milli-Q system. The TiOy solution was spin coated directly on the Co bottom
electrode at 8000 RPM. The sample was annealed at 260 °C for 2 h in air. The layer is composed of

amorphous nanoparticles of about 3 nm diameter, according to HRTEM images (Figs. 1(d) and 1(e)).

Figure 2 shows the electrical characterization of our devices, which is based on current-voltage (I-V)
curves and hysteresis-switching loops (HSLs), '* ' both performed at room temperature with the top
and bottom electrodes biased and grounded respectively. The I-V curves in Figs. 2(a) and 2(b) were
obtained by sweeping the applied voltage, V, with a staircase sequence 0 V—+5V —- -5V —- 0V in
steps of 0.1 V. Figure 2(a) shows that the ALD-based devices, initially in low resistance state (LRS),
are switched to high resistance state (HRS) during the positive branch of the sweep; i.e. when positive
voltage is applied to the top contact. The negative part of the sweep drives the system back to LRS. In

contrast, in Fig. 2(b) we see that the sol-gel-based devices, initially in HRS, are switched to LRS when
3



positive voltage is applied to the Co/Pd top contact. At negative voltage, this device switches from
HRS to LRS; yet, we observe an extra crossing point at about —1 V. Both ALD-based devices and sol-
gel-based devices present bipolar resistive switching, which means that electric pulses of alternate

polarity are needed in order to reversibly switch the state from LRS to HRS and back. ’

The HSLs presented in Figs. 2(c) and 2(d) were obtained by applying a sequence of writing voltage
pulses, Virite, that follows 0 V— +5V — -5V — 0 V in steps of 0.5 V. After each pulse we waited 20
ms at 0 V in order to discharge the capacitive effects and then we measured the remnant current, /e,
with a fixed reading voltage of +2 V. '® The +2 V value was chosen considering that around this
voltage we have the highest ratio between the LRS and HRS on the I-V curves. These HSLs reflect a
non-volatile resistive memory behavior. We observe a clockwise loop for the ALD-based device (see
Fig. 2(c)). It requires a minimum voltage of +3 V to be RESET (that is, the transition from LRS to
HRS) and a Viysiee < -1 V for the SET (switch from HRS to LRS). On the contrary, the sol-gel-based
device shows a counter clockwise loop without a clear threshold for the SET and a minimum RESET

voltage of about —2 V (Fig. 2(d)).

These HSLs confirm that our devices present bipolar resistive switching. The mechanism causing
bipolar RS in TiOy samples is generally electric-field-driven modulation of the concentration of oxygen
vacancies at the interfaces with the metallic electrodes. '° ~** In particular, the HSL of the ALD-based
device (Fig. 2(c)) shows a resistance modulation of factor 10 that can be simply rationalized as follows.
As mentioned, when positive pulses exceed +3 V, the whole resistance of the device increases (i.e., lrem
decreases). Positive pulses might either remove oxygen vacancies from the interface with the top
electrode (that will increase the resistance of the interface) or increase their concentration in the
proximity of the bottom electrode (decreasing the resistance of the interface). At this point we exclude

the simultaneous occurrence of both effects (see below). In this case, the observed increase in the
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resistance with positive polarity indicates that the modulation of vacancies at the interface with the top
electrode is the main switching mechanism in the ALD-based samples. With equivalent arguments, we
conclude that the control of the oxygen vacancies in the proximity with the bottom electrode is the

main switching mechanism in the sol-gel-based samples.

Whereas the [-V curve of the ALD-based device (Fig. 2(a)) is in line with this description, the
crossing point at -1 V in the I-V characteristics of the sol-gel-based device (Fig. 2(b)) reveals interplay
between both interfaces. In this case, both interfaces are switching, giving rise to this peculiar feature.
22 Above -1 V, the I-V curve is what is expected when only the interface with the bottom electrode
switches. For voltages < -1 V, the modulation of the top interface effectively overcomes the effect of
the bottom interface. The asymmetry of the I-V curve in the sol-gel-based devices (in the sense that the
crossing point is not at zero voltage and that the area enclosed by the I-V curve is larger for positive
voltages) indicates that the modulation of the resistance at the bottom interface is significantly larger
than in the vicinity of the top electrode. The HSL in Fig. 2(d) only reveals the resistive switching of the
bottom interface, because the modulation of the top interface is completely hindered by the reading
voltage, i.e. each reading voltage (+2 V) is actually switching the top interface.

We introduce a model in order to rationalize the nontrivial interaction between the interfaces. The
basic hypotheses for the model are: i) TiOx layer becomes conductive due to the presence of oxygen
vacancies, ii) interfaces are the more resistive regions of the device and usually one of these interfaces
dominates the two-terminal resistance of the device, and iii) voltage pulses result in localized electric
fields that drive exchange of ions between the interfaces and the bulk. Under these hypotheses we can
deduce, according to the dependencies of the hysteresis with polarity, which of the two interfaces is
responsible for the RS effect. As we shall see, the fact that ALD-based and sol-gel-based devices

present different behaviour implies that different interfaces are involved in each case.



In this model, the device is divided in three regions: two interface regions where the local density of

oxygen vacancies ( [VO ]t’b) modulates the resistance and a bulk region. We use here the Kroger-Vink

notation for point defects and add super-indexes ¢ and b that stand for top and bottom interface. The

oxide at the interfaces is expected to remain slightly sub-stoichiometric in any case. The total resistance

1,

of the device, R, when [VO"] " <<lis given by:

R= (1 —[VO"]t)A’+Rbulk+ (1 —[VO"]h)A” : (1)

where Ry is the resistance of the bulk (see Fig. 3(a)).'"® At the interfaces, we assume a linear
relationship between the density of oxygen vacancies and the resistance, given by the proportionality

factors A"°. **With this linearization, we are indeed modelling the resistance of the slightly sub-
g gotly

. . . . . o0 t’b . . . Y
stoichiometric TiOy: the increase of |V, moves the system away from the stoichiometric condition
0 Yy y

([VO"][’b= 0), decreasing its resistance.”* When voltage pulses ¥ are applied to the devices, the

intensity of the local electric fields developed at the interfaces is:

t,b

EY =pw 'R =751, @)

with w being the effective width of the interfaces. These electric fields are responsible for the re-
localization of oxygen vacancies at the interfaces that, in turn, modulate their resistance. Indeed, the
voltage drop at the interfaces effectively exerts a net force on the oxygen vacancies. Strong enough
electric fields overcome the anchoring energy of the ions to the TiOx matrix and establish an exchange
between the interfaces and the bulk.”> We then propose a drift-diffusion equation for the exchange of

oxygen vacancies between the bulk and the interfaces:

= -([V(;]”"—[V;]t"’)k% sgn(V) exp(-Eg”+ 1E™). (3)



. . . . .- R
Here, the first (negative) term stands for the diffusion of vacancies back to the rest condition [VO ]t ,

whereas the second term stands for the electric-field-activated drift of ions. k*” is the diffusion
coefficient *° and E,"” the anchoring energy of the oxygen vacancies to the matrix (E,"” absorbs any
prefactor). This equation describes the following behaviour. When the applied voltage is high enough,
the first (diffusion) term can be neglected. The density of vacancies increases or decreases (depending
on the voltage polarity, sgn(¥)) at a rate that grows exponentially with the magnitude of the local

electric field. At zero or very low voltage, the drift term becomes negligible, and the density of

vacancies diffuses to the equilibrium condition [V(;' ] = [VO" ]O with constant rate £.

The numerical outputs based on equations (1)-(3) for two different sets of parameters are presented
in Figs. 3(b) and 3(c). In the case of the ALD-based devices (Fig. 3(b)), the simulation qualitatively
matches the experiments when only the top electrode switches. This is done by setting 4° = 0 and
therefore absorbing the (constant) resistance of the bottom interface in Rp,. Basically, any set of
parameters (4', Ey, w and Ruux) reproduces the general trend and no fine-tuning is needed for this
qualitative matching. We also fix &” = & = 0, so that no relaxation is considered. In general, we look for
the minimum set of parameters needed to reproduce the results. Since the relaxation terms are not

necessary to reproduce the results, they are excluded.

Instead, modulation of the oxygen density in both electrodes has to be considered when it comes to
simulate the behaviour of the sol-gel-based devices. In fact, we reproduce the qualitative behaviour of
the sol-gel-based devices by adding two ingredients as compared to the model for the ALD-based
devices: relaxation at the top interface (k') and resistive switching at the bottom interface A", E).
Indeed, these parameters introduce the presence of the crossing point in the negative branch of the I-V

curve and reproduce the proper direction of the loop (counter clockwise in the positive branch).”® Here,



we also look for the minimum set of parameters in the model and the introduction of these two extra
ingredients is the minimum requirement to reproduce the results, while relaxation at the bottom
interface is not needed (K’ = 0). Figure 3(c) shows a simulation that qualitatively matches the
experiments when the modulation of the resistance of this bottom interface is 40% with respect to the
top interface (4" = 0.4-4"). More importantly, the position of the crossing point in the negative branch
is tuned by the anchoring energy of the ions to the matrix. In the simulation plotted in Fig. 3(c), this
anchoring energy is lower in the bottom interface than in the top one, Eo"/Eo’ = 0.6.

As can be seen from the HRTEM cross section image of the ALD-based thin film (Fig. 1(b)), a
blurred intermediate layer appears at the bottom interface. This interfacial layer is composed of Ti, Co
and O and therefore this interface could behave as a lower energy barrier. This is in contrast to the
sharp bottom interface seen in the HRTEM cross section image of the sol-gel-based layer (Fig. 1(d)).
The different fabrication process might thus account for the different behaviour of the bottom interface,
and, in turn, on the RS mechanism. This result suggests that the RS behaviour could be easily tuned by
proper interface engineering. We prepared an additional sample in order to experimentally verify this
point. The sample contains a sol-gel TiOy layer (as for the sol-gel devices), but the interface between
the Co bottom electrode and this sol-gel layer was modified by the introduction of an intermediate 5-
nm-thick layer of TiO, prepared by ALD, to protect the bottom electrode from the annealing process.
The result is a Co/TiO2(ALD, 5 nm)/TiO«(sol-gel, 55 nm)/Co/Pd device. Figure 4 shows the electrical
characterization for this sample. The I-V curve (Fig. 4(a)) is clearly distinct from that of the original
sol-gel-based device (Fig. 2(b)). The slopes of the I-V curves at positive applied voltages in the HRS
are significantly different for both the sol-gel devices, while at negative voltages the crossing point,
originally at about -1 V, is now at about -4 V. The key qualitative features of the HSLs in Fig. 4(b)
remain unchanged after the modification of the interface with the bottom electrode, when compared to
Fig. 2(d): it is also a counter clockwise loop and the SET threshold is not well defined. As predicted, to

reproduce this new set of curves we just need to tune the anchoring energy of the oxygen ions in the
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model proposed for the full sol-gel-based devices. The new value to shift the crossing point to -4 V is

E’/Ey' = 0.8. This additional sample supports the bulk-interface-exchange model in our system.

In conclusion, we investigated and compared the resistive switching phenomenon in TiOy
nanoparticle layers prepared by sol-gel, and TiO; thin films prepared by ALD. Despite having a similar
active material, TiOy, different fabrication methods translate into different behaviour of the interfaces,
which leads to dissimilar resistive switching properties as evidenced in the I-V curves and hysteresis
switching loops. We introduce a simple qualitative model that allows us to rationalize the observed
differences. The resistive switching essentially occurs at the top electrode interface in the ALD-based
devices, while the bottom interface also plays a role in the sol-gel-based devices. The different
fabrication process accounts for the different behaviour of the bottom interface, which can be tuned by
proper interface engineering. The observation of resistive switching in nanoparticle layers prepared by

sol-gel opens new possibilities for the fabrication of downscaled memory devices at lower costs.
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Since the voltage step time used in the experiment is 60 ms, &' = 10 corresponds to a decay constant of
600 ms. In order to have a direct measurement of the retention time of the top interface, we measured
HSLs with different waiting times after each writing pulse (between 20 ms and 5 s). Then, by fitting the
HSL current values at Vi = 0 with the exponential decay equation Zem(0") / Trem(07) - 1 = Aeo + A1 exp
(- t/ 7), we extract a decay constant of 7 = 100 ms. which is in very good agreement with the one

obtained from the numerical simulations of our toy model.
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Figures

Co/Pd top contacts
TiO, layer
Co bottom contact

Si/SiO, substrate

FIG. 1. (a) Schematic representation of the studied devices. A Co film is deposited on the SiO,/Si substrate to serve as
bottom electrode. Then a TiOy layer is deposited (either by ALD or by sol-gel) followed by Co/Pd top contacts to serve as
top electrodes. (b-e) High Resolution Transmission Electron Microscopy images. (b) Cross section of an ALD-based device.
(c) Zoom-in of the TiO, film prepared by ALD showing the crystalline nature of the film. (d) Cross section of a sol-gel-
based device. (¢) Zoom-in of the TiOy film prepared by sol-gel showing the amorphous nature of the nanoparticles forming

the layer.
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FIG. 2. I-V characteristics for (a) an ALD-based device and (b) a sol-gel-based device. The current is plotted as the
logarithm of the absolute value. The arrows indicate the path of the applied voltage sweep. Remnant current (/i) hysteresis
switching loops for (c) the ALD-based device and (d) the sol-gel-based device at a reading voltage of +2 V after we apply a
writing voltage pulse (Vi) immediately followed by a waiting time of 20 ms at 0 V to discharge capacitive effects. The

arrows indicate to direction of the loop when sweeping the writing voltage.
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FIG. 3. (a) Scheme of the proposed model for the resistive switching mechanism. In the ALD-based devices the movement
of oxygen ions only occurs in the proximity of the top electrode, whereas in the sol-gel-based devices occurs in both

interfaces. Numerical simulations showing a qualitative matching with the experimental I-V curves for (b) the ALD-based

devices and (c) the sol-gel-based devices. The arrows indicate the path of the applied voltage sweep.
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FIG. 4. (a) I-V characteristics for a sol-gel-based device in which the bottom interface have been modified by first
depositing 5 nm of TiO, by ALD. The arrows indicate the path of the applied voltage sweep. (b) Remnant current (/iep)
hysteresis switching loop measured at the same device at a reading voltage of +2 V after we apply a writing voltage pulse
(Varire) immediately followed by a waiting time of 20 ms at 0 V to discharge capacitive effects. The arrows indicate to

direction of the loop when sweeping the writing voltage.
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