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Abstract: In recent years, several materials and metal-insulator-metal devices are being intensively
studied as prospective non-volatile memories due to their resistive switching effect. In this work,
thickness-dependent resistive switching polarity was observed in TiN/Ti/HfO/Pt structures as the
sign of the voltages at which SET and RESET occur depended on the film thickness. A thorough
revision of the previous literature on bipolar resistive switching polarity changes is made in order
to condense previous knowledge of the subject in a brief and comprehensible way and explain the
experimental measurements. The different resistive switching polarities occur in a similar voltage
range, which is a new finding when compared to precedent research on the subject. A hypothesis is
proposed to explain the change in resistive switching polarity, based on the assumption that polar-
ity change is due to filament disruption occurring at different interfaces.

Keywords: resistive switching; thickness dependence; conductive filaments; RRAM; polarity
change; hafnium oxide

1. Introduction

Non-volatile resistive random-access memories (RRAM) based on the resistive
switching (RS) effect are of increasing interest due to their characteristics, such as small
cell size and low operating voltages, as well as simple device structure composed of metal-
insulator-metal (MIM) junctions. The RS effect occurs when conductive filaments (CF)
grow in a dielectric film between two metal electrodes by applying an electric field. After
these CFs are formed for the first time (electroforming process), certain voltage values can
be applied to either break (RESET process) or form the CFs again (SET process) [1-5]. In
the case of MIM devices where the dielectric is an oxide and none of the metal electrodes
is electrochemically active, the filament is formed by oxygen vacancies (valence change
mechanism or VCM), otherwise the filament would be formed by migration of metal cat-
ions (usually Ni, Ag or Cu) from the electrochemically active electrode (electrochemical
metallization effect or ECM) [6]. When these voltage values are of a different sign, the
phenomenon is called bipolar resistive switching (BRS) [5]. BRS can present different po-
larities, commonly referred to clockwise RS or CW (SET process at negative voltages and
RESET process at positive voltages) and counter-clockwise RS or CCW (SET process at
positive voltages and RESET process at negative voltages). The RS effect is depicted by a
current-voltage (I-V) hysteretic curve, which presents two current values for each applied
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voltage value. If the RRAM device degrades, this curve can become unstable (non-repeat-
able), leading to cycle-to-cycle variability, which is one of the main issues of current
RRAM technology. However, it has been observed that some RS systems have the ability
to be regenerated after being stressed by applying an appropriate voltage cycle [7].

In the context of resistive switching media, HfOz has been one of the most extensively
studied dielectrics for the fabrication of RRAM [8-12] due to its relevant electrical prop-
erties. However, although the RS mechanism has been heavily studied and theorized
about in general [13] and specifically for HfOz2 [14], the previously published literature on
the switching polarities is scarce, which nonetheless could be of high relevancy when
studying the CFs and RS mechanism on a determined dielectric.

Studies on MIM devices showing both CW and CCW RS under certain conditions
can be found in the literature. Changes in the switching polarity by changing the polarity
of the forming process in TiN/TiO2/TiN films [15] or exchanging the bottom and top metal
electrodes in Pt/TiOz/TiN stacks [16] were reported. In the former study, the authors at-
tributed the difference in switching polarity to the drift of oxygen vacancies in the elec-
troforming process. Both studies concluded that the breaking of the filament was induced
at and by the interface between TiN and TiO: acting as a diffusion barrier for oxygen ions
while TiN acts as an oxygen reservoir, if partially oxidized. Thus, the change in switching
polarity in the latter study was due to the exchange of Pt and TiN as bottom or top elec-
trodes.

A change in RS polarity due to the increase of the current compliance in the electro-
forming process in Pt/TiO2/Pt devices has been reported [17]. Bae et al. [18] reported that
swapping the position of oxygen-rich TiOx and oxygen-deficient TiOy layers in
Pt/TiOx/TiOy/Pt devices can lead to CW and CCW RS, respectively. A more recent study
on Pt/TiO2/TiION/TiN showed that an irreversible change from CCW RS to CW RS oc-
curred by increasing RESET voltages [19]. However, in all these studies, CCW RS re-
sistance states and switching (SET and RESET) voltages did not match those of the CW
RS. Similar results have been observed in other materials such as Sr2TiOs [20], in which
different electroforming polarities led to different I-V hysteretic curves, either CW or
CCW, and 512TiOs [21], that showed co-existent and reversible CW and CCW RS behavior
due to defect distribution.

Regarding the switching polarity dependence on film thickness, the previous re-
search on that topic is also limited. Zhu et al. [22] have observed that NiOx films showed
different RS switching polarities. This was attributed to the formation of a metallic fila-
ment (ECM) for a 20 nm-thick film, and to the electron hopping through oxygen vacancies
(VCM) for a 60 nm-thick sample. It has been demonstrated that WOx films show filamen-
tary RS characteristics below a certain threshold thickness, changing the resistive switch-
ing polarity [23,24]. Switching polarity has also been studied in TiN/HfO2/TiN devices [25]
where both CW and CCW RS were seen to coexist due to the interlayers between TiN and
HfOz. These interlayers, responsible for the breaking of the CF, were formed near the bot-
tom and top electrodes, as both of them were composed of TiN, which acts as an oxygen
reservoir. Brivio et al. [26] reported that CW and CCW RS coexisted in Pt/HfO:/TiN junc-
tions, and an in-depth study carried out by Petzold et al. [27] on Pt/HfO:/TiN structures
determined that, in certain cases, it is possible to control the polarity of the BRS by choos-
ing an appropriate voltage regime.

Understanding filament formation and behavior is essential to shed light on the un-
derlying physics of the resistive switching effect. The present work shows a phenomenon
not previously reported in the literature: resistive switching polarity change because of
dielectric thickness without clear variation in the voltage regime, and with no relation
with forming voltage or current compliance polarity in TiN/Ti/HfO:/Pt MIM devices. The
goal was to examine samples grown to two functional thicknesses which are sufficiently
low, close enough to each other, but clearly separable and distinguishable considering the
measurement error ranges stated in the next section.
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2. Materials and Methods

The TiN/Ti/HfO2/Pt devices have a cross-point configuration as shown in Figure 1.
They were fabricated on Si wafers covered with a thermally grown 200 nm SiO2 layer.
First, the bottom electrode was deposited and patterned by lift-off. This electrode con-
sisted of a stack of 100 nm-thick Pt layers on a 5 nm Cr adhesion layer. Then, X-ray amor-
phous HfO: layers were grown by Atomic Layer Deposition (ALD) in a Picosun™ R-200
Advanced ALD reactor, using Tetrakis(ethylmethylamido)hafnium(IV) (TEMAH) as the
hafnium precursor evaporated at 100 °C, and oxygen plasma as the oxygen source. Reac-
tions were carried out at 200 °C, whereby one ALD cycle consisted in four sequential
pulses: TEMAH pulse (0.3 s)—Nz purge (8 s) —O: plasma pulse (15 s) —N2 purge (8 s). The
layers were grown to a thickness of 8 nm on one wafer and 13 nm on another one. The
film thicknesses were measured with a GES5E spectroscopic ellipsometer (Semilab Sopra,
Budapest, Hungary). The spectra were modeled using the Cauchy model in the range of
1.2767-5.00 eV by WinElli software. The uncertainty of the thickness determination, to-
gether with possible deviations in the thickness due to the growth profile, remains within
10% of the calculated value. The ellipsometry also revealed the refractive index values of
1.5 and 1.7 (at 633 nm) for 8 and 13 nm thick films, respectively, indicating that the thicker
films have a higher density.

After HfO2 deposition, the top electrode consisting of 200 nm TiN on 10 nm Ti, was
deposited by magnetron sputtering and patterned by photolithography and lift-off. Fi-
nally, the contact area to the bottom Pt electrode was defined by photolithography and
dry etching of the HfO: layer. The resulting structures were square-shaped cells of 5x5
um? area.

(a) (b)
or TiN Ti
Sio, /' /
Cr HfO,
Si

Figure 1. (a) Layout of the cross-point configuration. (b) Cross-section of the device.

Resistive switching measurements were carried out by means of a Keithley 4200-SCS
semiconductor parameter analyzer (Keysight Technologies, Cleveland, OH, USA) and a
probe station. DC voltage was applied to the top electrode, while the bottom electrode
was grounded. Current-voltage (I-V) measurements were made in order to characterize
the electrical behavior of the devices by applying voltage sweeps.

3. Results

All the samples exhibited excellent resistive switching characteristics, with good re-
peatability and stability of the resistance states (Figure 2). SET transition occurred approx-
imately at 0.8 V, while RESET took place at voltages higher than 1.5 V. The functional
window between low and high resistance states (LRS and HRS) was of more than two
orders of magnitude (at 0.1 V) for all the samples.
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Figure 2. Current-Voltage curves of a TiN/Ti/HfO2/Pt sample with a HfO:2 thickness of (a) 8 nm and
(b) 13 nm. The red curve represents an average of the 50 I-V loop shown in grey.

When comparing the I-V curves of samples with an 8 nm thick HfO: layer (Figure 2a)
with those of the thicker samples with a 13 nm thick HfO: layer (Figure 2b), it is seen that,
although both devices presented similar resistive switching behavior in terms of the func-
tional window between states and switching voltages, the polarity of the RS behavior was
inverted between the 8 nm and 13 nm thick films. While the 8 nm thick film presents CCW
RS, the 13 nm thick film shows CW RS. Although the polarity of the BRS is reversed, it
can be seen that the I-V curves of both samples remain very similar, contrary to previous
results in the literature reporting both CW and CCW RS [17-21,26].

The electroforming process was carried out using a current compliance of 1 uA, for
both thickness, but at different polarities (Figure 3). In the case of the 8 nm film, the process
occurred at a positive bias (3—4 V) whereas for the 13 nm case it took place at negative
voltages (-8 V). The different polarities for the forming events were not searched for, ra-
ther the applied one was the polarity at which the dielectric layers in the different samples
did not tend to break down irreversibly.

(a) (b)
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Figure 3. Electroforming process of a TiN/Ti/HfO2/Pt sample with a HfO: thickness of (a) 8 nm and
(b) 13 nm.

However, to rule out any experimenter bias, a positive forming process was applied
to the 13 nm thick film (6.5 V), and a negative forming voltage to the 8 nm thick sample
(=3 V). The results, depicted in Figures 4 and 5, showed that, indeed, the resistive switch-
ing polarity of the samples did not depend on the forming process, albeit the performance
and the number of samples showing RS behavior improved with the adequate forming
polarity. It was particularly interesting to observe the anomalous peak presented by the
13 nm thick HfO: sample after positive electroforming and a negative RESET process,
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which hints at the underlying physics behind the resistive switching reported in this work,
that will be discussed in Section 4.
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Figure 4. Resistive switching behaviour of the 8 nm film after a negative electroforming process. (a)
1st cycle after the electroforming. Positive voltage is applied first to initiate the RESET event and to

invert the polarity. However, it does not occur (step 1), rather, a RESET can be seen when negative
voltage is applied (step 2). (b) Two subsequent cycles, the sample still demonstrates CCW RS.
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Figure 5. Resistive switching behaviour of the 13 nm film after a positive electroforming process. (a)
1st cycle after the electroforming. A negative voltage was applied to trigger the RESET event and
confirm that the polarity had inverted (step 1). However, the device presented an anomalous peak
resembling a failed SET event (step 2) after which a RESET occurs (step 3). (b) Two subsequent
cycles, the sample still demonstrates CW RS.

4. Discussion

The CCW RS response of the thinner sample can be explained by the vacancy-rich
zone in the HfO: layer generated due to Ti acting as an oxygen scavenger. One can pro-
pose that the filament is weak near the Pt electrode, where the iterative breaking and
forming of the CF occurs. This has been studied by Goux et al. [28-30] and Giovinazzo et
al. [31] in Pt/HfO/TiN and TiN/Ti/HfO:/Pt devices, respectively. Both studies concluded
that the CF formed between the metal electrodes is weakened near the Pt. As this metal is
chemically inert, it does not form oxides and thus, no oxygen vacancy-rich zone is gener-
ated near the interface [28-33]. Meanwhile, both TiN and Ti are good oxygen reservoirs,
which generate vacancy-rich zones in the hafnium oxide near the HfO/Ti or HfO2/TiN
interface [14,28,29,34]. More specifically, Ti capping is known to improve resistive switch-
ing properties due to its oxygen scavenging characteristics, the oxygen atoms move from
the HfO: into the Ti layer, leaving oxygen vacancies behind and forming a TiOx layer at
the HfO/Ti interfaces [35-37], as depicted in Figure 6a.
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Figure 6. Proposed resistive switching mechanism for the (a) 8 nm and (b) 13 nm thick HfO2 sam-
ples.

In the case of the 13 nm thick HfO2 sample, the physical explanation, resistive switch-
ing mechanism and relevancy of dielectric thickness is not so simple to discuss, as it has
been observed and discussed much less frequently in the literature. Because of this, we
looked thoroughly into precedent research on this matter, in order to clarify the physics
behind the polarity switch. As stated in several previously mentioned RRAM-related
works discussing different BRS polarities [16,18,25,26,28-31], it is believed that the inter-
face at which the filament disruption occurs determines if the BRS is CW or CCW. Thus,
a tentative explanation would be that the different switching polarity can be attributed to
a CF weaker near the Ti layer and thus, its disruption at the Ti/HfO: interface (Figure 6b),
i.e., contrary to the previous case.

This explanation has been previously reported by Brivio et al. [26] in a study about
CW and CCW RS coexisting (at different voltage regimes) on Pt/HfO2/TiN MIM stacks,
which had the same metal electrodes as the ones presented by our devices. In this study,
a competition between tendencies of CF dissolution at the different interfaces led to coex-
isting CW and CCW switching operations in the same 5.5 nm thick HfO: Pt/HfO2/TiN
structure. Here, it is stated that current overshoot due to parasitic capacitances discharge
or inefficient current limitation [38-40] led to further ion migration after the electroform-
ing process, rearranging the CF with its thicker part near the Pt electrode. Due to the sim-
ilarities with the structure studied in this article, this could be a plausible explanation for
the RS mechanism proposed in Figure 6b for the 13 nm thick HfO: film. Moreover, para-
sitic capacitance discharge has also been theorized to cause current overshoot in CuOx
devices [41]. When the SET process occurs, the parasitic capacitance is charged to Vser,
and thus, when the device switches from HRS to LRS, the charges are stored in the capac-
itance discharge, leading to current overshoot, which could explain the re-arrangement of
the CF as stated by Brivio et al.

Furthermore, the anomalous RESET peak observed in the present study upon the
positive forming process in this film (Figure 5a) was also observed by Brivio et al. [26]
when changing the switching operation. We also believe that this anomalous peak could
indicate the competition between two filaments in the 13 nm thick HfO2 sample, one
thicker near the Ti layer, and one also thicker near the Pt electrode that ends up prevailing.
In fact, in the case of the 13 nm thick HfO: device, the Ti layer is not thicker than the HfO:
layer (which is the case for the thinner sample). This could prevent the formation of a large
enough oxygen vacancy-rich zone at the HfO:/Ti interface. This has proven to be the case
in a study conducted by Hardtdegen et al. in Pt/HfO/Ti/Pt films [42] where, in fact, be-
cause of the Ti cap being thinner than the thickness of the HfO: layer, a change in the BRS
polarity occurred, partially attributed to full Ti cap oxidation. The RS mechanisms pro-
posed could be further favored by a high negative voltage value needed to carry the form-
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ing process (although as it was earlier discussed, negative forming resulted in better per-
formance and overall higher number of functional devices but was not mandatory). In
addition, it must be mentioned that, although chemically inert, Pt is often used as a cata-
lyst to adsorb O: on its surface [43,44], this could help the previously mentioned mecha-
nisms by generating oxygen vacancies near the Pt surface.

Although it is clear that the HfO: thickness and/or the Ti/HfO2 thickness ratio of the
devices is the reason behind the effect that produces the polarity change of the BRS, it
should be noted that no clear dependence between dielectric thickness and polarity can
be determined. Nonetheless, as precedent research on redox-based RRAM presenting
VCM suggests, no clear dependence of RS parameters such as LRS, HRS, LRS/HRS ratio
or switching voltages with film thickness should be expected [45—47]. Only forming volt-
age has shown a dependence with thickness [48,49], with some devices even turning form-
ing-free if the dielectric is sufficiently thin [50,51]. Forming voltage, however, is an RS
parameter clearly differentiated from the rest by the fact that the electroforming process
is made when the sample is in a pristine state, and thus, there are no conductive filaments,
making the thickness dependence unsurprising.

Therefore, it is unlikely that resistive switching polarity may present a linear or clear
dependence with thickness. Rather, as it is stated by previous studies on resistive switch-
ing media, certain RS characteristics may appear at optimal compositions or stoichi-
ometries [45,47,52,53].

5. Conclusions

TiN/Ti/HfO2/Pt devices with 8 nm and 13 nm thick HfO: layers demonstrated resis-
tive switching characteristics. A change in the RS polarity of the samples with the HfO:
layer thickness was observed. While the thinner sample demonstrated counter-clockwise
RS behavior, the current-voltage curves recorded from the 13 nm thick HfO: film were
described by clockwise behavior. However, the switching voltages remained similar for
both samples/polarities, and no relation with forming voltage/current compliance polarity
could be observed, being this experimental result a new finding as compared to previ-
ously published results in the literature. A thorough investigation of foregoing reported
cases and studies on reversible and irreversible CW—CCW RS changes leads to the hy-
pothesis that polarity change is due to filament disruption occurring at different inter-
faces. The thinner sample presents a Ti cap layer thicker than the HfO> which ensures its
role as an oxygen reservoir, creating an oxygen vacancy-rich zone in the HfO: near the
interface. Meanwhile, the filament is weaker near the Pt electrode due to its inert chemical
nature. The opposite occurs for the thicker sample. It is believed that, in this case, current
overshooting due to parasitic capacitances discharge, in addition to a relatively thinner Ti
cap when compared to the HfO2 layer, led to the formation of an oxygen vacancy-rich
zone near the Pt electrode. Thus, the filament would present its weaker/thinner part near
the Ti layer, changing the switching polarity.
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