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Resistive switching devices based on Hf,Ti;_,O, thin films with Hf/(Hf + Ti) cation ratios (x) of 0.07-0.64
were studied. The Hf,Ti;_,O, films were grown by atomic layer deposition (ALD) using TiCls, HfCls and
H,O as precursors in supercycles that included different numbers of TiO, ALD cycles and a single HfO,
ALD cycle. The films were grown onto RuO, bottom electrodes at 350 °C. Pt top electrodes were
deposited by electron beam evaporation. The Hf,Ti;_,O, films with the x values 0.07-0.19 predomi-
nantly contained the rutile phase, while a crystalline phase isomorphous with the orthorhombic HfTiO4
was formed in the films with x of 0.30-0.64. The elemental and phase compositions had a marked
effect on electrical characteristics of the films. Significant increase in the breakdown electric field
strength (Eg) was observed when x increased from 0.07 to 0.19 resulting in Eg values of 47-6.3 MV cm™* for
Hf,Ti; O, with x ranging from 0.19 to 0.64. Most importantly, the samples containing the orthorhombic phase
demonstrated superior resistive switching performance, that is, low-resistive-state (LRS) to high-resistive-state
(HRS) conductance ratios >100 and endurance exceeding 10* resistive switching cycles at room temperature,
excellent retention of LRS and HRS at 110 °C, and resistive switching at temperatures up to 140 °C. Measure-
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ments with various pulse widths of the applied voltage revealed that the reset process limited the operation

rsc.li/materials-c speed of these devices.
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1. Introduction

1. Pristine State 2. LRS

Electroforming
%

Materials exhibiting resistive switching (RS) phenomena have
been investigated thoroughly for applications in a type of non-
volatile memory typically referred to as resistive random-access

memory (RRAM)."® Fundamentally, the RS effect relies on the -

non-volatile and reversible modification of a device (typically a ‘V
metal-insulator-metal stack) resistance when applying an elec- 3. HRS « 4. LRS

trical stimulus. This mechanism requires an initial electro- Reset ‘
forming step to create a conductive filament (CF) across the / —

insulating layer for the first time. After this, the device can be _ T

repeatedly switched between a high-resistive state (HRS) and a
low-resistive state (LRS) by rupturing the CF during the reset
process and re-forming it during the set process, respectively

(Fig. 1).*

Reversible

Fig. 1 Schematic illustration of the resistive switching effect.
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devices are its low power consumption, higher memory density
and higher operating frequencies.” It can also provide a
solution to the memory-wall bottleneck inherent to the

J. Mater. Chem. C


https://orcid.org/0009-0006-7096-4923
https://orcid.org/0000-0002-7785-1351
https://orcid.org/0000-0003-0850-4927
https://orcid.org/0000-0001-6498-4588
https://orcid.org/0000-0002-7775-1246
https://orcid.org/0000-0002-1223-0255
https://orcid.org/0000-0002-6016-2744
https://orcid.org/0000-0003-0389-3409
https://orcid.org/0000-0002-2328-1752
https://orcid.org/0000-0002-3874-721X
https://orcid.org/0000-0002-5821-0364
http://crossmark.crossref.org/dialog/?doi=10.1039/d6tc00262e&domain=pdf&date_stamp=2026-05-15
https://rsc.li/materials-c
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6tc00262e
https://pubs.rsc.org/en/journals/journal/TC

Open Access Article. Published on 15 May 2026. Downloaded on 5/16/2026 12:27:54 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

currently used Von Neumann architecture because of the time
required to transfer information between memory and proces-
sor. In the case of RRAM devices, a single cell can act as both
memory storage and a logical switch, thereby removing the
signal delay. Additionally, RRAM devices are compatible with
complementary metal oxide semiconductor (CMOS) technology
due to their simple metal-insulator-metal (MIM) structure.
Because of these features, RRAM devices have garnered atten-
tion in the quickly advancing fields of neural networks and
artificial intelligence.®™® To thoroughly evaluate the switching
mechanism and the potential of these devices for the afore-
mentioned neuromorphic applications, conductance (G) is
universally used as the primary metric to represent synaptic
weights when assessing the neuromorphic properties of mem-
ristive devices.'® Therefore, in addition to current-voltage (I-V)
characteristics, conductance-voltage (G-V) characteristics are
often analyzed, as they directly reflect the insulating properties
of the dielectric and the nature of the conductive filament."”

There are many types of materials that demonstrate RS
properties. Resistive switching has been observed in bio-
logical materials,'®'® polymers*® and metal oxides such as
HfO,%° 1142131 and Ti0,.** Regarding RS characteristics
of devices utilizing only HfO, as a switching layer, Lie et al.*®
have shown that depending on the electrodes used in the RS
device, the switching could be either bipolar or unipolar.
Different combinations of bottom electrode (BE) and top elec-
trode (TE) have been used in bipolar RS devices based on
HfO,.>'%%6272% These studies have demonstrated that well-
controlled interfaces between the RS layer and electrodes play an
important role in determining the characteristics of RS devices. For
instance, applying a RuO, layer as bottom electrode has led to
considerable improvements of HfO,-based RS devices compared to
the devices with more common TiN bottom electrodes.’

In several studies, TiO, and HfO, thin films have been
combined to improve performance of RRAM devices.®?326:37739
A TiO, layer has been formed between the bottom electrode
and HfO, by deposition®® or ozone treatment of TiN bottom
electrode.”® TiO, has also been added between two HfO,
layers®**® or between the HfO, layer and top electrode.®?”®

While a number of studies utilizing both HfO, and TiO, in a
bi- and tri-layer oxide structures have been published, only few
studies have focused on resistive switching in samples with
mixed or ternary Hf,Ti,_,O, films, where 0 < x < 1 is the Hf/
(Hf + Ti) atomic ratio and y = 2, as resistive-switching
layer.”"™** For instance, Chakrabarti and Vogel* studied TiN/
Hf,Ti; ,O,/TiN structures with Hf:Ti ratios of 3:1 (x = 0.75)
and 1:1 (x = 0.5) in the switching layer. They obtained forming-
free multilevel RS in the devices with a Hf: Ti ratio of 3 : 1 while
the devices remained conducting and, therefore, no RS was
observed when the Hf:Ti ratio was 1:1.*> Athena et al*'
investigated RS performance of amorphous Hf,Ti,O, thin films
with Hf:Ti ratios of 3.14:1 (x = 0.76), 2.3:1 (x = 0.70), and
1.14:1 (x = 0.53) in the Au/Ti/Hf,Ti,O,/Au structures. It was
shown that an increase in the Ti content caused a decrease in
forming and switching voltages, increase in the high-resistive
state (HRS) current, and a shrinking of the RS memory window.
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The result indicating that increasing Ti content has a strong
negative effect on the RS properties is somewhat surprising
because devices with TiO, RS layers have demonstrated promis-
ing performance in previous studies.’***3> Therefore, we
started a research to characterize the properties of Hf,Ti;_,O,
RS layers with x < 0.64. Significant attention was paid to the
effect of the switching-layer phase composition on RS, a topic
that has earlier been of significant interest only in a limited
number of papers.>'?*73°

In this work, we investigated devices where the Hf,Ti;_,O,
films were deposited by atomic layer deposition (ALD) onto
5 nm thick RuO, bottom electrodes. RuO, is a material with
relatively high work function forming barriers with sufficiently
high conduction band offsets with both HfO, and TiO,.**** The
same applies to Pt that was the top electrode material of RS
devices studied in this work. Furthermore, based on the results
of a previous work,*® it was expected that quasi-epitaxial growth
of Hf,Ti;_,O, at certain x values might improve the RS perfor-
mance because of enhanced quality of the interface between
the dielectric and bottom electrode. Therefore, in addition to
the effect of elemental composition, the influence of switching-
layer phase composition on the RS performance was one of the
main objectives of this work.

2. Experimental

2.1. Sample preparation

The RS Pt/Hf,Ti;_,O0,/RuO, structures were deposited onto
Si(100) substrates with RuO,/TiN bottom electrodes (Fig. 2).
The RuO, and TiN thicknesses were 5 and 10 nm, respectively.
Using electron beam evaporation (EBE) and a shadow mask, a
1-2 mm wide and ~ 50 nm-thick Pt-stripe was deposited onto
each sample fabricated for electrical measurements (step 1 in
Fig. 2) to ensure reliable electrical contact with the bottom
electrode.

After that a Hf,Ti;_,O, film was synthesized from TiCl,,
HfCl,, and H,O in a low-pressure flow-type ALD reactor
described elsewhere.*” In these experiments (step 2 in Fig. 2),
N (99.999%, AS Linde Gas) served as a carrier and purging gas.
The HfCl, source temperature was set at 160 °C to achieve
sufficient vapor pressure, while the TiCl, and H,O sources were
kept at room temperature during the deposition process. The
Hf,Ti;_,0O, layers with different elemental compositions were
deposited by repeating supercycles that included 1-30 cycles for
the synthesis of TiO, followed by 1 cycle for the synthesis
of HfO,.

ALD cycle time parameters chosen for the deposition of
HfO, were 5 s for the HfCl, pulse, 2 s for the first N, purge, 2 s
for the H,O pulse, and 5 s for the second N, purge while those
applied for the deposition of TiO, were 2 s for the TiCl, pulse,
2 s for the N, purge, 2 s for the H,O pulse, and 5 s for the N,
purge. All films were grown at a substrate temperature of
350 °C. In more detail, the HfO,:TiO, cycle ratios and the
numbers of supercycles used to deposit films with different
compositions are specified in Table 1.

This journal is © The Royal Society of Chemistry 2026
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Table 1 ALD process parameters, Hf/(Hf + Ti) atomic ratios, thicknesses, and growth per cycle values of Hf,Ti;_,O, films

HfO,: TiO, cycle ratio ALD process formula

Hf/(Hf + Ti) atomic ratio

Thickness (nm) Growth per cycle (pm)

1:30 16 (30(TiCl, + H,0) + (HfCl, + H,0)) 0.07 + 0.01 28 + 3 56 + 6
1:20 24 (20(TiCl, + H,0) + (HfCl, + H,0)) 0.11 + 0.01 29+ 3 5846
1:10 25 (10(TiCl, + H,0) + (HfCl, + H,0)) 0.19 + 0.02 19+ 2 69 + 7
1:5 57 (5(TiCl, + H,0) + (HfCl, + H,0)) 0.30 + 0.03 24 +3 70 + 9
1:3 80 (3(TiCl, + H,0) + (HfCl, + H,0)) 0.36 + 0.03 2242 69 + 7
1:2 100 (2(TiCl, + H,0) + (HfCl, + H,0)) 0.45 + 0.04 2142 70 + 7
1:1 143 ((TiCl, + H,0) + (HfCl, + H,0)) 0.64 + 0.05 19 + 2 66 + 7

For electrical measurements, a matrix of 40-60 nm thick Pt
top electrodes with circular shapes and areas of 0.20, 0.049, and
0.002 mm?” were deposited through a shadow mask by EBE
(step 3 in Fig. 2). For the characterization of RS properties, the
top electrodes with the area of 0.002 mm?” were used. After
the deposition of the top electrodes, the samples studied in
this work were annealed at 300 °C for 30 minutes in an O,
environment. As demonstrated in previous studies, this kind of
treatment is necessary to reduce leakage currents, especially for
the samples with high TiO, concentrations.*®

2.2. Characterization

For elemental analysis, X-ray fluorescence measurements were
carried out with a ZSX-400 (Rigaku) spectrometer. The phase
composition of the samples was characterized with a materials
research X-ray diffractometer SmartLab™ (Rigaku). Cu K,
radiation (with the wavelength of 0.154178 nm) emitted by a
rotating anode, working at 8.1 kW (45 kv, 180 mA), and the
grazing incidence X-ray diffraction (GIXRD) mode (angle of
incidence o = 0.35°) were applied for this purpose. The crystal-
line phases were identified using the X-ray diffraction database
PDF-2 (version 2023) of the International Centre of Diffraction
Data. The Hf,Ti,_,O, thicknesses (d) were determined using
both the XRF data and X-ray reflection curves measured with
the SmartLab™ diffractometer.

This journal is © The Royal Society of Chemistry 2026

Transmission electron microscopy (TEM) studies were per-
formed with a Titan Themis 200 microscope (FEI). The micro-
scope was equipped with a FEI/Bruker energy-dispersive X-ray
spectrometer allowing elemental mapping. A lamella for TEM
and scanning TEM (STEM) measurements was prepared using a
Helios Nanolab 600 SEM-FIB microscope. For protecting the RS
device structure, an additional layer of Pt was deposited in the
SEM-FIB on the top of the sample before starting the lamella
preparation process. After that a lamella was cut, lifted and
placed onto a holder, thinned down to the required thickness,
and then polished to obtain high-resolution TEM images of the
sample cross-section.

Electrical measurements were conducted with a Keithley
2636A source-meter and Cascade Microtech EPS150TRIAX
probe station. The probe station was shielded to mitigate
electromagnetic interference. Its base plate (chuck) had a
heating capability, enabling measurements at elevated tem-
peratures. For electroforming of the conductive filaments (CF)
the voltage (V) applied to a device was swept with 0.05 V steps in
the positive or negative direction until a breakdown was
observed. The breakdown current was controlled by setting
the compliance current (I..) of the source-meter at 0.5-15 mA.

Voltage sweeping with a step of 0.05 V was also used for
recording current-voltage (I-V) curves characterizing the RS
performance of devices. The I.. levels limiting the current

J. Mater. Chem. C
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during the switching of a device from the HRS to the low-
resistive state (LRS) ranged from 0.5 to 3 mA. From the I-V
curves, conductance (G) versus voltage (G-V) curves were
derived to illustrate the ohmic (G is independent of voltage)
or non-ohmic (G depends on voltage) character of conductance
in CF. Endurance characteristics were studied using 20 ms
switching and read pulses. Retention of the LRS and the HRS
was studied at temperatures up to 110 °C measuring the current
of each state at 0.2 V with intervals of 60 s during 6 hours. In
addition, I-V characteristics of some devices were measured
with a Keithley 4225 pulse measurement unit at pulse durations
ranging from 100 ns to 1 ms.

3. Results and discussion

3.1. Elemental and phase composition of Hf,Ti,_,O,

The data presented in Table 1 demonstrate that x monotoni-
cally increased with the HfO,/(HfO, + TiO,) ALD-cycle ratio. The
dependence was not linear (Fig. S1) because in this x range,
the atomic growth per cycle of Hf was higher and depended on
x in a different way compared to that of Ti.*®

X-ray diffractograms of samples with Hf,Ti;_,O, films
but without top electrodes are depicted in Fig. 3. In the
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Fig. 3 GIXRD patterns of Hf,Ti;_,O,/RuO,/TiN/Si structures and RuO,/
TiN/Si stack with a 15 nm-thick RuO, layer. The values of x, HfO,: TiO,
cycle ratios, and Hf,Ti;_,O, thicknesses are shown at the corresponding
diffractograms. Miller indices and reflection positions shown for rutile-
phase TiO; (R) and orthorhombic HfTiO4 (O) correspond to PDF-2 cards
01-089-4202 and 00-040-0794, respectively. A reflection attributable to
a substrate or sample stage of diffractometer is marked with an asterisk.
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diffractograms of samples with x < 0.19 in the Hf,Ti;_,O,
layer, the most intense reflections can be attributed to the rutile
phase. These reflections are markedly stronger than those in
the diffractogram of a RuO,/TiN/Si stack with a 15 nm-thick
RuO, layer, presented as a reference in Fig. 3. Considering that
the RuO, layer was even thinner (5 nm) in the samples with the
Hf,Ti;_,O, layers, the possible contribution of the rutile-type
RuO, to the diffractograms of these samples could not be
significant. Consequently, the rutile phase was also formed in
the Hf,Ti; O, films. With increasing x, the rutile reflections
shifted to lower 20 values. The shift was clearly due to for-
mation of a rutile-phase Hf,Ti,_,O, solid solution where the
higher ionic radius (r) of Hf*" (r = 86 pm) compared to that of
Ti** (r = 64 pm), caused an increase in bond lengths with
increasing x.

When x exceeded 0.19, additional reflections appeared in
the diffractograms (Fig. 3). With increasing x, the positions of
these reflections shifted similarly to those of the rutile reflec-
tions. Analysis of the diffractograms led to the conclusion thata
crystalline Hf,Ti; O, phase isomorphous with orthorhombic
HfTiO, was responsible for the additional reflections. Notably,
an increase in the average growth per cycle (GPC) was observed
with the increase of x from 0.11 to 0.19 (Table 1). This change in
GPC was in correlation with the appearance of orthorhombic
phase. However, the higher GPC of HfO, compared to that of
TiO,, observed at low x values,*® could also contribute to the
increase in the mean GPC with increasing x. As the increase in
GPC is comparable to the experimental uncertainty, distin-
guishing of these two effects is unfortunately impossible.

In the x range of 0.19-0.45, reflections of both rutile and
orthorhombic phases were observable in corresponding X-ray
diffractograms (Fig. 3). However, an increase in x led to a
marked decrease in the intensities of rutile reflections and
steep increase in the intensities of reflections attributable to
the orthorhombic phase. Consequently, transition from the
growth of rutile-phase Hf,Ti;_,O, to that of orthorhombic
Hf,Ti;_,O, took place, when x increased from 0.19 to 0.45. In
the diffractograms of samples where x = 0.64, the reflections of
orthorhombic phase were weaker compared with those in the
diffractograms corresponding to x = 0.45 (Fig. 3). This result
together with an increased background intensity in a 20 range
of 23°-38° indicates that Hf,Ti,_,O, with relatively poor crystal-
linity was formed at x = 0.64. Transition to the monoclinic
crystalline phase isomorphous with monoclinic HfO,, earlier
observed in an x range of 0.65-0.75,® was a probable reason for
this result.

In order to reveal the significance of the bottom electrode in
the growth of crystalline phases of Hf,Ti;_,O,, a cross-section
of a sample containing a Hf,Ti;_,O, layer, where x = 0.36, was
studied by TEM. The results demonstrated that the ALD process
caused no noticeable damage to the relatively thin (5 nm) RuO,
layer (Fig. 4(a)). However, the STEM images (Fig. 4(a)) and line
scan data (Fig. 4(b)) indicate that a TiO,N, interface layer was
formed between the TiN and RuO, layers.

High-resolution TEM studies revealed growth of crystalline
Hf,Ti;_,0, starting from the interface between crystalline RuO,

This journal is © The Royal Society of Chemistry 2026
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(a) Transmission electron microscopy image and STEM elemental composition maps, (b) elemental composition profiles, and (c) high-resolution

TEM image of a Pt/Hf,Ti;_,O,/RuO,/TiN/Si structure with x = 0.36 in the Hf,Ti,_,O, layer.

and Hf,Ti; ,O, (Fig. 4(c)). This result is in line with the data of
recent studies, showing that RuO, seed layers are able to stimulate
growth of rutile and orthorhombic phases of HfTi; ,0,.*
As discussed in a recent paper,*® epitaxial growth of rutile and
orthorhombic phases of Hf,Ti;_,O) on rutile-phase RuO, is one
possible reason for this effect. First, the rutile phase of RuO,,
supporting the growth of rutile-phase TiO,,*® can also stimulate
the growth of rutile-phase Hf,Ti, ,O, provided that x is small and
the unit cell parameters of Hf,Ti;_,O, are close to those of RuO.,.
Second, the crystal structures of orthorhombic HfTiO, (PDF card
00-040-0794) and orthorhombic TiO,-1I (PDF-2 card 21-1238) are
similar in both space group symmetry and unit cell parameters
while TiO,-II is able to form lattice-matched structures with the
rutile phase of TiO,.* Hence, orthorhombic Hf, Ti, O, and rutile-
phase Hf,Ti;_,O, or orthorhombic Hf,Ti;_,O, and rutile-phase
RuO, could also form lattice-matched structures making possible
the epitaxial growth of orthorhombic Hf,Ti;_,O, directly on RuO,
or on rutile-phase Hf,Ti;_,O, formed on RuO,. However, the TEM
image depicted in Fig. 4(c) indicates that epitaxial growth is not the
predominant mechanism leading to the growth of crystalline
phases in HfTi;_,O, films studied in this work. A similar
substrate-stimulated growth of non-epitaxial crystalline phases
has earlier been observed during deposition of Ga,O; on Ru seed
layers.>®>! In these reports, impact of surface morphology on
nucleation has been suggested to be the main reason for the
preferential crystallization of Ga,O; on Ru seed layers. Thus, the
same effect could also be responsible for the growth of crystalline
Hf,Ti;_,O, on RuO,.

3.2. Influence of Hf,Ti,_,O, composition on forming
characteristics

In the whole composition range of Hf,Ti; _,0,, studied in this
work, bipolar RS was obtained. All RS devices studied switched

This journal is © The Royal Society of Chemistry 2026

to the LRS at the negative polarity and to the HRS at positive
polarity of the voltage applied to the top electrode. This kind of
switching was predominantly observed even if the conductive
filament was formed at the positive voltage polarity (Fig. 5(a)).
As can be seen by comparing the I-V curves recorded during the
CF electroforming (Fig. 5(a and b)), at similar absolute values of
voltages applied to the top electrode, the current values were
much higher, when a positive voltage was applied to the top
electrode (Fig. 5(a)). In the latter case, electrons were injected
into the Hf,Ti;_,O, layer from the RuO, bottom electrode. In
the opposite case, when the negative polarity of voltage was
applied to the top electrode, the electrons were injected to
Hf,Ti, O, from the Pt top electrode. Thus, as suggested in an
earlier publication where electrical characteristics of RuO,/
TiO,/RuO, and Pt/TiO,/RuO, structures were studied,*® this
kind of difference in leakage currents was evidently caused by
the lower work function of RuO, compared with that of Pt.
As a result, relatively high I.. levels were needed to see dielectric
breakdown at the positive top electrode voltage polarity
(Fig. 5(a)).

For example, no evidence of breakdown was observed when
I.. was set at 10 mA, and the voltage was swept from 0 to 11.2 V
(curve 1 in Fig. 5(a)). Nevertheless, when I.. was increased to 15
mA and the voltage was swept from 0 to 11.7 V (curve 1’ in
Fig. 5(a)), the breakdown was clearly observable at 10.7 V, that
is, at a voltage that was lower than the stop value of the first
sweep. In addition, markedly higher current values were
recorded during the second sweep (curve 1’) than during the
first one (curve 1). Therefore, the formation of a conductive
channel through the dielectric was obviously initiated already
during the first sweep. When the voltage was swept from 11.7 V
to —2 V (curves 2 and 3 in Fig. 5(a)), additional switching to an
even lower resistance level occurred at —1.4 V. After that RS

J. Mater. Chem. C
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(a) and (b) Current—voltage characteristics recorded during the electroforming of conductive filaments by applying (a) positive and (b) negative

voltage to the top electrode. (c) and (d) Conductance-voltage curves of RS devices formed at (c) positive and (d) negative top-electrode voltages.

with reset (switching to the HRS) at positive voltages and set
(switching to the LRS) at negative top electrode voltages was
established as demonstrated by the conductance versus voltage
(G-V) characteristics presented in Fig. 5(c).

Electroforming was obtained at markedly lower pre-
breakdown currents, when voltage with negative polarity was
applied to the top electrode (curve 1 in Fig. 5(b)). After switch-
ing the voltage to 0 (line 2 in Fig. 5(b)) and sweeping to 6 V,
gradual switching to the HRS was observed (curves 3 and 4 in
Fig. 5(b). During the next voltage sweep to the negative direc-
tion (curve 5 in Fig. 5(b)), the sample switched to the LRS at
—1 V. After a few following cycles, the RS described in Fig. 5(d)
was stabilized.

Owing to the lower pre-breakdown current values, it was
possible to use lower values and wider range of I .. during the

CF forming at negative top electrode voltage polarity (Fig. 5(a
and b)). Considering that wider range of possible I.. levels
allowed more flexible control of CF formation, negative forming
polarity was used for all RS structures characterized in this
work (Fig. 5(b) and 6(a, b)) while forming at positive top
electrode voltages was studied only in the case of a few
structures (Fig. 5(a) and 6(b)). As the forming voltage (Vj)
depended on the RS layer thickness, the mean electric field
E = V/d was used to characterize the influence of the Hf,Ti,_,O,
composition on the CF formation (Fig. 6(a and b)). The data
presented in Fig. 6 show a steep increase of the breakdown
electric field strength (Eg) from 2.1-3.1 MV cm ' to
4.7 MV em™ " with the x increase from 0.11 to 0.19. In the same
composition range, the content of rutile phase decreased and
the orthorhombic phase of Hf,Ti,_,O, appeared in the films
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(a) Current as a function of electric field of samples with different compositions of Hf,Ti,_,O, layers and (b) influence of Hf/(Hf + Ti) atomic ratio
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(Fig. 3). In contrast, significantly slower increase (from 4.7 to
6.3 MV cm™ ") in Ep was observed with a further increase of x
from 0.19 to 0.64. Studies of Hf,Ti,_,0, layers with x values of
0.07, 0.11, 0.36, and 0.45 revealed that at these compositions,
the voltage polarity had no significant effect on the mean Eg
values (Fig. 6(b)). Comparing the data presented in Fig. 6(b)
with the breakdown voltages reported for 5 nm-thick amor-
phous Hf,Ti;_,O0, films,*" one can see that at similar composi-
tions, Eg values of the films containing the orthorhombic phase
are considerably (by a factor of 1.3-1.4) higher than those of the
amorphous films.

3.3. Resistive switching at room temperature

I-V-Characteristics of RS devices (Fig. 7(a and b) and Fig. S2,
S3(a)) most significantly depended on the Hf,Ti,_,O, composi-
tion in the x range of 0.19-0.30. Both set and, particularly, reset
transitions that were gradual at x ranging from 0.07 to
0.19 became steeper when x increased to 0.30 (Fig. 7(b)).
Consequently, a strict and lower I.. was sometimes imposed
for the samples with x > 0.30 (Fig. S3(a and b)) to prevent the
irreversible breakdown of the oxide layer during the abrupt set
transitions, whereas samples with lower x required higher /.. to
exhibit a more stable memory window (Fig. S4(a and b)).
No significant changes in the shapes of the I-V curves were
observed with the increase of x from 0.30 to 0.64, although I; rs/
Iiurs = Grrs/Gurs, Where I gg and Iygrs are the current, and Gyrg
and Gugs are the conductance values in the LRS and HRS,
respectively, increased with x in this composition range as well
(Fig. 7(b-d)).
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Another effect, observed in the x range of 0.07-0.19, was a
considerable dependence of Gigrg on voltage in the voltage
range where no switching processes occurred (Fig. 7(c)).
By contrast, at x > 0.30, this type of dependence was weak or
negligible (Fig. 5(c, d), 7(c) and Fig. S3(b)), indicating formation
of CF with nearly ohmic conductance in Hf,Ti;_,O,, layers with
compositions enabling growth of orthorhombic phase (Fig. 3).
Fig. 8(a) confirms that the behavior in the LRS state was ohmic
for the values of x ranging from 0.30 to 0.64. In the voltage
range shown in Fig. 8(a), the standard deviations of linear
fittings were 0.48%, 0.23%, and 0.011% for the samples with
x of 0.30, 0,36 and 0.64, respectively.

Stronger dependence of Gygrs on voltage, typical for films
with x < 0.19 (Fig. 7(c)), was probably related to lower concen-
tration of oxygen vacancies in CF formed in the rutile phase
that was the predominant one in Hf,Ti,;_,O, with x < 0.19
(Fig. 3). Higher stability of rutile compared to that of the
orthorhombic phase could be a reason for this effect. It should
also be noted, that G, gs, determined at voltages ranging from
—0.5 to 0.5 V, markedly increased with the x increase from 0.19
to 0.30 (Fig. 7(c)). This result supported the conclusion that CF
with high concentrations of oxygen vacancies were more easily
obtained in orthorhombic Hf,Ti;_,O, than in rutile-phase
Hf,Ti; _,O,.

The increase in Gigrs is obviously beneficial for obtaining
higher Grs/Gurs. However, the increase in Gyrs with increas-
ing x was obsered only at x < 0.36 (Fig. 7(c)). At x > 0.36, the
increase in Gyrs/Gurs Was mainly due to the corresponding
decrease in Gygs (Fig. 7(c)) that was in line with the increase in
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Fig. 7 Resistive switching characteristics of Hf,Ti;_,O, layers with different compositions. (a) Current-voltage characteristics of a layer with x of 0.07 (b)
representative current—voltage characteristics of films where 0.19 < x < 0.64, (c) representative conductance-voltage characteristics of films where
0.07 < x < 0.64, and (d) G rs/Gprs determined at V,eaq = 0.2 V as a function of Hf/(Hf + Ti) atomic ratio.
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(a) LRS current-voltage curves of RS structures with different Hf,Ti;_,O, compositions and linear fitting the curves of samples with x of 0.30, 0.36

and 0.64 at voltages ranging from —1 to 1 V. (b) Power-voltage characteristics of RS structure with different Hf, Ti,_,O, compositions.

the bandgap energy of Hf,Ti;_,O, and energy barrier height at
the interface between bottom electrode and Hf,Ti;_,O, with
increasing x.°% A similar influence of composition on Gygrs and
RS memory window has been observed in an x range of 0.53-1
by Athena et al*' At the same time, the average values of
memory windows obtained in our experiments for samples
with x ranging from 0.30 to 0.64 (Fig. 7(d)) noticeably exceeded
those earlier reported for Hf,Ti;_,O, RS layers with x = 0.53 and
x = 0.70.*' One possible reason for this difference is the
dissimilar phase compositions of RS layers. Unlike our work,
amorphous Hf,Ti; O, films were studied in the earlier one.*!
Additionally, electrodes with high work functions contributed
to relatively high Gyrs/Gurs ratios observed in our experiments.

To further evaluate the efficiency of the RS devices, the
power consumption (P = I'V) was calculated from the current-
voltage characteristics. Fig. 8(b) displays the representative
power-voltage (P-V) curves showing that in LRS, the maximum
power consumption was similar for all configurations and was
in the order of milliwatts. In contrast, the power consumption
in HRS decreased by more than an order of magnitude when x
increased from 0.07 to 0.64. The increase in x also caused a
marked reduction in the power required for transitions from
HRS to LRS (Fig. 8(b)).

The RS parameters Vs, Vsa, Vri, and Vi, (Fig. 7(a)), corres-
ponding to the voltages, at which the set (Vs; and Vg,) and reset
(Vry and Vy,) started (Vg and Vg;) and were completed (V, and
Vgrz), can be found in Table 2. The average values depicted in
Table 2 were determined from I-V characteristics recorded at I,
ranging from 0.8 to 1.2 mA as at these I.. values, reliable RS was
obtained in all Hf,Ti;_,O, layers. I-V Curves recorded at similar

I.. range were used for this purpose because the switching
voltages significantly depended on I.. (Fig. S4(a-d)). For exam-
ple, the increase of I.. from 1 to 3 mA caused an increase in
Vr1 by a factor of 1.2, approximately. By contrast, the same
increase in I.. had a markedly weaker effect on the Irs/Itrs
ratio (Fig. S4).

The lowest absolute values of switching voltages were mea-
sured for Hf,Ti;_,O, layers with x ranging from 0.07 to 0.36
(Table 2). In this range, the variations in switching voltages,
related to the increase in x, did not exceed the experimental
uncertainty. A significant increase in switching voltage ampli-
tudes was observed with the increase of x to 0.64. This kind of
increase in switching voltage amplitudes is in a good agree-
ment with that observed in the same composition range by
Athena et al.** It is also worth noting that switching voltages,
determined for Hf,Ti;_,O, RS layers with x of 0.07-0.19, were
similar to those determined for RS devices with RuO, and Pt
electrodes and TiO,-Ti.Al,_,Oy RS layers where the Al/(Al + Ti)
atomic ratios ranged from 0.026 to 0.13.>

The results of endurance tests are displayed in Fig. 9(a-d). In
all cases, the endurance measurements were stopped when a
significant decrease in the Iy rs/Iygrs ratio was observed. There-
fore, different ranges of RS cycles are shown for different
Hf,Ti,_,O, compositions in Fig. 9(a-c). A general trend that
can be seen in Fig. 9 is a marked improvement in endurance
characteristics with the increase of x from 0.19 to 0.30. This
kind of performance can also be related to the appearance of
the orthorhombic phase of Hf,Ti;_,O, in the RS layers (Fig. 3).

In order to understand possible reasons and mechanisms
responsible for the degradation of RS devices (Fig. 9(a-c)), G-V

Table 2 Resistive switching voltages of Hf,Ti;_,O, films with different Hf/(Hf + Ti) atomic ratios

HI/(Hf + Ti)

atomic ratio Vs1 (V) Vsa (V) Vi1 (V) Vo (V)

0.07 + 0.01 —0.90 + 0.09 —1.24 + 0.18 1.18 + 0.17 1.88 + 0.21
0.11 + 0.01 —0.82 + 0.07 —1.12 + 0.20 1.09 + 0.21 1.59 + 0.18
0.19 4+ 0.02 —1.04 + 0.18 —1.24 4+ 0.26 1.04 £ 0.11 1.97 + 0.14
0.30 + 0.03 —0.95 + 0.18 —1.31 + 0.17 1.27 + 0.18 2.27 £ 0.09
0.36 + 0.03 —0.99 + 0.16 —1.27 + 0.14 1.15 + 0.11 2.03 £+ 0.12
0.45 4+ 0.04 —1.17 + 0.07 —1.52 4+ 0.19 1.58 4+ 0.31 1.95 4+ 0.10
0.64 + 0.05 —1.50 + 0.09 —1.72 + 0.07 1.68 + 0.17 2.91 + 0.09
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Fig. 9 (a)-(c) Endurance characteristics of RS devices with Hf/(Hf + Ti) atomic ratios of (a) 0.07, (b) 0.30, and (c) 0.36 in Hf,Ti,_,O,, and (d) endurance as

a function of Hf/(Hf + Ti) atomic ratio in Hf,Ti;_,O,.
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Fig. 10 (a) and (b) Conductance-voltage and (c) and (d) power—voltage characteristics determined before and after endurance tests for devices
containing RS Hf,Ti;_,O, layers with x of (a) and (c) 0.07 and (b) and (d) 0.36.

characteristics (Fig. 10(a, b) and Fig. S5(a, b)) were recorded
before the endurance tests and after significant shrinking of
memory window. Comparison of G-V curves indicated that the
set and reset start voltages (Vs; and Vg,, respectively) did not

This journal is © The Royal Society of Chemistry 2026

change significantly during the endurance tests. In contrast,
the set and, particularly, the reset processes became more
gradual. The latter effect led to a shrinking of memory window
with increasing number of RS cycles in the case of all samples
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described in Fig. 10 and Fig. S5. An interesting result is that a
decrease in the CF conductivity in LRS seems to be a reason for
degradation of samples with low x values (Fig. 10(a)) while an
increase in the CF conductivity in HRS causes the decrease in
the Iy gs/Iugs ratio of the samples where x > 0.30 (Fig. 10(b) and
Fig. S5(a, b)).

The reduction of CF conductivity in LRS of samples with low
x values in Hf,Ti;_,Oy could be explained by the decreasing
ability of the bottom electrode to absorb oxygen during the set
process or by the increasing strength of oxygen bonding in
Hf,Ti,_,O, with rutile structure. However, both hypotheses
require verification in further studies.

Inefficient recovery of the oxygen concentration needed for
complete rupture of CF during the reset process, was a possible
reason for the more gradual reset and increased HRS conduc-
tivity determined for Hf,Ti;_,O, layers with x of 0.3-0.64 after
endurance tests (Fig. 10(b) and Fig. S5(b)). This can be related
to gradual removal of oxygen from the vicinity of CF or
irreversible oxygen bonding in the bottom electrode serving
as an oxygen reservoir in our RS structures. Alternatively, the
generation of additional defects in or near the CF region could
also cause an increase in leakage current, making it more
difficult or even impossible to recover the initial resistance of
the device in its HRS.

It is also important to note that the power required to
complete the set and/or reset transitions increased due to
degradation of RS structures (Fig. 10(c, d) and Fig. S5(c, d). At
small x values (x = 0.07) more power was needed for both set
and reset processes (Fig. 10(c)) while at x values of 0.30-0.64,
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only the power required to complete the reset transition
increased (Fig. 10(d) and Fig. S5(c,d)).

3.4. Resistive switching and retention at elevated
temperatures

Resistive switching characteristics of samples with x of 0.36 in
Hf,Ti;_,0,, demonstrating superior performance at room-
temperature, were also studied at temperatures up to 140 °C.
The I-V characteristics of a device, formed at room tempera-
ture, were measured at 25, 50, 80, 100, 120, and 140 °C, and
then at 120, 100, 65, and 25 °C. At each temperature 10-20 RS
cycles were recorded using a compliance current of 1.2 mA. The
results of these studies are summarized in Fig. 11.

I-V Curves recorded at voltages ranging from —2.2 to 2.5 V
(Fig. 11(a—c)) demonstrate significant decrease in the Ijgs/Iyrs
ratio with the temperature increase from 25 to 140 °C. In
addition, differently from the I-V curves measured at room
temperature before heating the sample (Fig. 11(a)), the I-V
curves recorded at 140 °C (Fig. 11(b)) did not show abrupt
current changes during the set and reset transitions. Compar-
ing the data depicted in Fig. 11(a and c), one can see that the
initial shape of I-V curves was only partially recovered when the
sample was cooled down to 25 °C. In particular, the measurements
at elevated temperatures resulted in more stable RS characteris-
tics but a narrower memory window at 25 °C compared to those
determined before the high-temperature measurements (Fig. 11(a
and c)). Some changes, caused by the RS cycling at elevated
temperatures, for instance, inhibition of the reset transition lead-
ing to shrinking of memory window, were very similar to those
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(a)—(c) I-V Characteristics of a RS structure with x = 0.36 recorded (a) at 25 °C before heating to 140 °C, (b) at 140 °C, and (c) at 25 °C after

cooling the sample from 140 to 25 °C, and (d) respective average G-V characteristics.
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Fig. 12 Retention characteristic measured at 110 °C for a RS structure
with x = 0.36.

observed during the endurance tests (Fig. 10(b-d)). Expectedly,
these effects appeared much faster during the I-V measurements
at elevated temperature than during the endurance tests con-
ducted in the pulse mode at room temperature. Compensation
of the memory window shrinking was possible by increasing the
reset stop voltage (Fig. S6) as the inhibited reset transition was one
of the main reasons for decrease in the I; gs/Iurs (and Gyirs/Grrs)
ratio (Fig. 11(a-d)). However, increased reset voltages also led to
faster degradation of devices.

Another effect influencing the memory window was a
considerable decrease in the LRS conductivity during the
measurements at elevated temperatures as illustrated by the
average G-V characteristics (Fig. 11(d)). This is a notable result
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because, in all cases shown in Fig. 11, the negative voltage
applied was sufficient to completely switch the device into LRS.
Therefore, it is possible that the RS cycling at higher tempera-
tures caused formation of more stable oxygen bonds in the CF
region, reducing the concentration of oxygen vacancies that can
be created during the set process. Alternatively, shrinking the
cross section of the CF and/or an increase in the bottom
electrode resistance in the vicinity of CF, for example, due to
the irreversible oxidation of TiN layer, could also explain the
decrease in the LRS conductance.

Retention characteristics measured at 110 °C (Fig. 12)
demonstrated marked stability of both HRS and LRS during
6 hours (21600 s). The most significant changes in Iigs
occurred during the first few hundred seconds, when a fluctua-
tion with an amplitude of 2.5 pA was recorded. After that, I ys
remained stable at 225.2 + 0.8 pA (Fig. 12).

The values of Iygs varied more considerably during the first
10000 s, when Iyygrs increased from 4.90 + 0.10 pA to 5.10 £ 0.05
HA. For comparison, the further increase in Iyrs during the next
10000 s did not exceed 0.1 pA (Fig. 12).

3.5. Resistive switching in pulse mode

The main results of pulse-mode studies of a sample with x =
0.36 in the RS Hf,Ti,_,O, layer are depicted in Fig. 13 and
Fig. S7. As can be seen in Fig. 13(a) and Fig. S7(a-f), RS was
obtained at pulse durations down to 100 ns. However, the
memory window significantly shrank with decreasing pulse
duration, especially at pulse durations <160 ns (Fig. 13(a, d)
and Fig. S7(a, b)). Simultaneously, the set and reset transitions
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became more gradual (Fig. 13(a, b) and Fig. S7(a-f)) and Gugs
increased with decreasing pulse width (Fig. 13(b and c)).

Notably, instant set transitions that occurred at pulse dura-
tions >100 ps (Fig. S7(e and f)) were not recorded at <10 ps
(Fig. S7(a-d). Thus, several successive pulses were needed for
the set transition at the pulse durations <10 ps. This result
indicates that the charge (and energy) supplied by a single
pulse was insufficient for recovering CF in the set process.

The reset transition, being gradual in the whole range of
pulse durations, also became slower with decreasing pulse
duration (Fig. 12(b) and Fig. S7)). As a result, the Iygs and Gygs
values obtained at a reset stop voltage fixed at 2.15 V signifi-
cantly increased with decreasing pulse duration (Fig. 13(a—c)),
causing a decrease in the G;gs/Gyrs ratio (Fig. 13(d)).

Fig. 13(c) shows that a marked increase in Gigrs appeared
together with the steep increase in Gygg, when the pulse
duration decreased from 200 to 100 ns. This increase in Gpgg
was probably due to incomplete reset, leaving more oxygen
vacancies in CF in its HRS, and respectively, allowing more
complete removal of oxygen from CF during the following set
process.

Proceeding from this data, one can conclude that reset,
rather than set, is the process limiting the minimum pulse
widths that can be applied for RS of devices studied in the
present work. This conclusion is in line with the results of Pérez
et al.,>® who investigated TiN/Al:HfO,/Ti/TiN RS structures and
revealed that much more energy is required to complete the
reset process. However, Fig. 13(a, b) and Fig. S7(a-e) show that
the voltage amplitude required to complete the set transition
also increased when the set pulse durations decreased from
100 ps to 100 ns. Notably, this increase in the set voltage
amplitude was well comparable to the corresponding para-
meter reported by Pérez et al. for Al:HfO, based RS structures
in the same range of pulse durations.”® Our results also agree
with the data of Garcia et al.,”>®> who demonstrated that, due to
the incapability of ions to follow fast changes in the electric
field, higher ramp rates of switching voltage require higher
voltage amplitudes to complete the set and reset transitions.
Therefore, careful tuning of the electrical stimulus is essential
for stable operation of this kind of memory devices in the
nanosecond range.

4. Conclusion

Atomic layer deposition of hafnium-titanium-oxide with Hf/(Hf
+ Ti) atomic ratios of x = 0.07-0.64 on RuO,/TiN bottom
electrodes allowed growth of crystalline films predominantly
containing rutile phase at x < 0.19 and orthorhombic phase
isomorphous with that of HfTiO, at 0.30 < x < 0.64. Complex
studies of Pt/Hf,Ti;_,O,/RuO,/TiN structures demonstrated
that both the elemental and in particular the phase composi-
tions markedly influenced the electrical properties of
Hf,Ti;_,0,. The studies revealed that the electric field strength
required for the initial formation of the CF increased with x
while the most significant increase in breakdown electric field
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strength was observed in the composition range where the
transition from the rutile to orthorhombic phase took place.

Independently of the forming voltage polarity, clockwise
bipolar RS was obtained in all structures. However, superior
RS characteristics were recorded for structures based on
Hf,Ti;_,O, layers containing the orthorhombic phase. The
rutile phase is more stable, so the probability of creating oxygen
vacancies is lower in rutile than in the orthorhombic phase, in
which conducting filaments may be stronger. The samples with
x > 0.36 in the Hf,Ti,_,O, layer demonstrated LRS/HRS con-
ductance ratios exceeding 100. Endurance exceeding 10* RS
cycles was measured for samples with x = 0.36 in Hf,Ti;_,O,.
In the case of latter samples, RS with the LRS/HRS conductance
ratios exceeding 10 was obtained at temperatures up to 140 °C.
Retention measurements conducted at 110 °C for 6 hours
showed excellent LRS and HRS stability.

Comparison of I-V and G-V characteristics, recorded before
and after endurance tests, as well as before and after measure-
ments at elevated temperatures, indicated that an increase in
the voltage amplitude and power, required to complete the
reset process, was the main effect leading to the shrinking of
memory window during these experiments. A similar effect,
that is, increase in the voltage amplitude required to complete
the reset process with decreasing duration of switching pulses,
was shown to be a reason limiting the application of the RS
structures in high-speed memory devices.
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