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ABSTRACT We present chemical beam vapor deposition (CBVD) as a valuable technique for the
fabrication of good quality HfO,-based memristors. This deposition technique gives the opportunity to
rapidly screen material properties in combinatorial mode and to reproduce the optimized conditions
homogenously on large substrates. Cu/HfO,/Pt memory devices with three different oxide thicknesses
were fabricated and electrically characterized. A bipolar resistive switching and forming free behavior
was seen in all the tested devices. Lower switching voltages than similar devices fabricated by employing
different deposition techniques were observed. The conduction mechanism in the low resistance state
can be ascribed to filamentary copper, while a trap-controlled space charge limited current conduction
was observed in the high resistance state. The comparative evaluation of devices with different oxide
thicknesses allows to infer that devices with thicker HfO, film (25 nm) are more performing in terms
of Ropr/RoN ratio (106), and reproducible resistive switching over more than 100 cycles in both low
and high resistance states. Thinner oxide devices (20 nm and 16 nm), despite similar long retention
time (10* s), and lower SET/RESET voltages show instead a smaller memory window and a switching
instability. These results, compared also with other reported in literature for similar memristive structures
realized with other deposition techniques, show that CBVD can be considered as a promising technique
for realizing HfO;-based non-volatile memory devices with good performance.

INDEX TERMS Resistive switching, memristors, CBRAM, chemical beam vapor deposition, HfO5.

I. INTRODUCTION

Memristors are believed to replace flash memories as non-
volatile memories in the near future because of their simple
Metal-Insulator-Metal (MIM) structure, low power consump-
tion, fast switching operations, large scalability and great
integrability with CMOS technology [1], [2], [3], [4]. Metal
oxides such as HfO; [3], [5], [6], TaxOs5 [7], TiOy [8], [9],
and ZnO [10], are typical employed memristive materials.
HfO, has been largely studied, beside of the natural

compatibility with CMOS technology, because of its excel-
lent performance, such as very high scalability, low energy
consumption per bit operation [11], [12], large bit per cell
storage capability [13], and ultrafast switching [14]. Together
with the oxide active material, also the employed contacts
play an important role on both memristors performance
and conduction mechanism. Typically, memristors which
employ inert metal contacts such as Pt, are driven by the
so-called valence change conduction mechanism (VCM), in

(© 2024 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.
For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/
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which the mobile species are positively charged oxygen
vacancies, while memristors employing two different types
of metal contacts, one inert and the other one active (e.g.,
Cu or Ag), exhibit the electrochemical metallization (ECM)
conduction mechanism, in which the mobile species are
metal ions and the conductive filament (CF) is composed
of metal atoms [2], [3], [13]. These two types of memories
have also different characteristics, with ECM devices (called
also conductive-bridge random access memories (CBRAMs))
exhibiting a larger resistance window (i.e., the ratio between
the resistance at the high resistance or OFF state (HRS), and
the resistance at the low resistance or ON state (LRS)) [2],
and VCM devices displaying larger speed and endurance [3].
Recent studies have proposed another kind of resistive
switching memory device, called hybrid RRAM (HRRAM),
which is characterized by conductive filaments composed of
both metal ions and oxygen vacancies [15].

Several deposition techniques have been employed for
fabricating HfO,-based memristors, noticeably, atomic layer
deposition (ALD) [6], [16], [17], metal-organic chemical
vapor deposition (MOCVD) [18], [19], sputtering [20], [21],
[22], pulsed lased deposition [23], electron beam [24], [25],
molecular beam epitaxy (MBE) [26], and anodizing [27]. All
these technologies have advantages and drawbacks in terms
of material quality and adequate versatility to be integrated
into a well-established fabrication process such as the CMOS
technology.

Chemical Beam Vapor Deposition (CBVD) [28], also
referred to as high-vacuum chemical vapor deposition (CVD),
is a hybrid deposition technique between CVD and MBE.
It is gaining interest for depositing high quality oxides such
as HfO; [29], mixed Hf-Nb oxides [30], LiNbOs3 [31], Hf-
doped LiNbO3 [32], TiO, [33], and BaTiO3z [34]. Sybilla
CBVD equipment of ABCD Technology has many practical
advantages over CVD and MBE to target device production,
including scalability to mass production by homogenous
deposition on large substrates (present standard is 450 mm
wafers with = 1% homogeneity), high control of growth
rate (from few nm/h up to several um/h), possibility to
deposit 3D patterns by additive growth [35] and to irradiate
locally the growing film during the deposition process to
modify locally physico-chemical properties [36]. On top of
that, its powerful combinatorial facility, offers the remarkable
advantage to play with various effective parameters of the
film such as dopants insertion, composition and thickness,
on single substrate in one deposition [37]. Consequently,
optimization of the films with respect to these parameters are
perfectly accurate, since they grow simultaneously in the same
conditions.

In this work, we present, for the first time, memristive
devices fabricated with HfO, films grown by CBVD, which
show a very good resistive switching behavior. By employing
CBVD capability to deposit films with different thickness
under combinatorial approach on the same substrate within
the same deposition run, devices with three different HfO,
thickness were fabricated and characterized.
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FIGURE 1. (a) Shadow mask (grey) and deposited film thickness
estimation (color scale) in nm from deposition calibration. The three flow’s
directions from the three open Hf precursor sources are indicated with the
orange arrows. (b) Photograph of the deposited HfO, film (brown areas)
onto the Pt-coated SiO,/Si wafer. The yellow squares highlight the
selected regions that have been cleaved for obtaining the three samples
with HfO, thickness of 16 nm, 20 nm and 25 nm. (c) Final structure of the
Cu/HfO, /Pt memristive devices with the electrical configuration employed
for performing the electrical measurements.

Il. EXPERIMENTAL

The fabrication process of the devices started with the
sputtering of 100 nm-thick Pt bottom electrode onto a
4-inch Si0,/Si substrate. Afterwards, a HfO, film with
graded thickness from 16 nm to 25 nm along the Pt-coated
Si0,/Si wafer was deposited by CBVD [29], [37] through
a shadow mask to leave portions of the Pt layer available
to be contacted for the subsequent electrical characterization
(see Fig. 1). The CBVD process employed a Hf precursor
(Hf(mmp)4, CAS 309915 48 8, from Sigma Aldrich) which
was evaporated from a thermostated reservoir (80.5 °C) with-
out any carrier gas into the prechamber (14.8 x 10~ mbar)
from which it effuses towards the radiatively heated substrate
(460 °C) in a combinatorial configuration (i.e., achieving a
continuous thickness gradient as described in [30], [31], [32],
[33], [34], [35], [37]) from three sources, through the shadow
mask (see Fig. 1). HfO, deposition lasted 4275 s. Three
different areas of the deposited HfO, film were subsequently
cleaved in pieces of 2 cm x 2 cm (see Fig. 1(b)), cleaned
with acetone and isopropanol, dried up with nitrogen, and
employed for devices fabrication. Oxide thickness of the
three samples, estimated from previous deposition calibration
by reflectometry, was 16 nm, 20 nm, and 25 nm, respectively.

The memristor device structure was finished by deposit-
ing the Cu top electrode by thermal evaporation through
a shadow mask consisting of 1 mm diameter circles
(Fig. 1(c)).

HfO, films’ structure and morphology was assessed
by X-ray diffraction (Rigaku SmartLab, equipped with
a Cu rotating anode, Ko radiation) and scanning elec-
tron microscopy (JEOL JEM-2100), respectively. Films
surface composition was assessed by X-ray photoelec-
tron spectroscopy through a VG Microtech ESCA3000
Multilab spectrometer equipped with a dual A/Mg anode
as X-Ray source, a five channeltrons detection system and
a hemispheric analyser [38]. All devices were electrically
characterized by means of a custom developed measurement
system [39] which allows to perform both DC and AC pulse
measurements.
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FIGURE 2. (a) XRD pattern of a 30 nm-thick HfO, film, and (b) SEM top
view of the thickest HfO, film used for the fabrication of the memristive
devices.

IIl. RESULTS AND DISCUSSION

A. STRUCTURAL AND MORPHOLOGICAL CHARACTERIZATION

Fig. 2(a) shows the X-ray diffraction (XRD) pattern,
recorded in 6-20 configuration, of a 30 nm-thick HfO;
reference sample grown on Si substrate at 460 °C. All
diffraction peaks can be assigned to the monoclinic phase of
HfO, (ICDD 00-034-0104 card). A typical top view scanning
electron microscope (SEM) image of the HfO, film grown
onto the Pt/SiO,/Si substrate is instead reported in Fig. 2(b).
The film’s surface looks compact and homogeneous, rough
with small grains, and without any pinhole.

B. SURFACE
CHARACTERIZATION
X-Ray Photoemission Spectroscopy (XPS) was used to
investigate the deposition of the three HfO, films with
different thickness and to determine their relative surface
chemical composition. All the XPS measurements were
performed without any additional pre-treatment of the sam-
ples. The binding energy (BE) scale was charge-corrected
by using the C 1s peak (BE = 285.1 eV) due to the
adventitious carbon on the surface. The accuracy of the
BE measurement was = 0.1 eV, whilst the relative atomic
quantitative analysis had a & 10% uncertainty. Photoelectron
signals and peak components were assigned according to
XPS literature reference database [40].

Hf 4f spectra of the three HfO, films with different
thickness are reported in Fig. 3. The presence of a doublet
peak with the Hf 4f7,, component located at ~ BE = 17.3
eV and the Hf 4f5 > component energy split by AE =1.65 eV
corresponds to the presence of the Hf** species in the HfO,
surface of 20 nm and 25 nm-thick films [41], [42], [43].
The curve-fitting of the O 1s spectra is reported in Fig. 4(a)
for the bare Pt/Si0O,/Si substrate and in Fig. 4(b)-(d) for the
HfO, films of 16, 20 and 25 nm thickness, respectively.
The curve-fitting results are summarized in Table 1. The
single component of the O 1s peak of the substrate shown
in Fig. 4(a) is located at BE = 532.6 eV and assigned to
Si0O; [40]. This component, beside a small shift, is also
present in the O 1s spectra of all HfO, films, regardless the
thickness, as shown in Fig. 4(b)-(d) (blue dashed line). The

CHEMICAL COMPOSITION
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FIGURE 3. XPS curve-fitting of Hf 4f spectra of (a) 16 nm, (b) 20 nm, and
(c) 25 nm thick HfO, films.

second component of the O 1s spectra of HfO, films, located
at BE = 530.6 eV (green dashed line), corresponds to the
presence of oxides and defective oxides species [40], [41].

The evidence that all hafnium oxide films are sub-
stochiometric is also confirmed by the relative chemical
composition of the surface listed in Table 2. Hf 4f and O 1s
photoelectron signals can, in fact, be used in combination
to determine the stoichiometry of the HfO, films. For the
determination of the O/Hf atomic ratio, the contribution
of the SiO, component deriving from the substrate and
resulting from the curve-fitting of the O Is peak, can be
neglected in the calculation. Results are reported in Table 2
for the detected O/Hf and the calculated O*/Hf ratio. The
surface relative chemical composition determined by XPS
confirmed that all HfO, films are sub-stoichiometric with
small differences between the values of the O*/Hf ratios.
This result shows that CBVD is a valuable tool for the

VOLUME 12, 2024
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FIGURE 4. XPS curve-fitting of O 1s spectra of (a) bare Pt/Si0,/Si
substrate, (b) 16 nm, (c) 20 nm and (d) 25 nm-thick HfO, films.

growth of chemically uniform HfO; films for the realization
of memristive devices with different thickness on the same
wafer.
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TABLE 1. XPS results of Hf 4f and O 1s curve fitting in the investigated
samples. The two spin-orbit Hf 4f; > and Hf 4f5;; components of Hf 4f
signal resulted energy split by AE =1.65 eV.

Sample XPS Binding Peak Peak
signal energy [eV] assignment area [%]
Substrate O s 532.6 Si02 100
16 nm HfO» Hf4f;, 175 HfO2 100
16 nm HfO: O s 530.9 Oxides 36.4
16 nm HfO» Ols 532.4 SiO2 63.6
20 nm HfO2 Hf 4f7 17.1 HfO2 100
20 nm HfO: Ols 530.4 Oxides 394
20 nm HfO; Ols 531.8 Si02 60.6
25 nm HfO2 Hf4f;, 172 HfO2 100
25 nm HfO2 Ols 530.5 Oxides 35.8
25 nm HfO> Ols 5324 SiO2 64.2

TABLE 2. XPS surface chemical composition of the investigated samples.
Elemental concentration is expressed as atomic percentage (atom. %). The
O*/Hf ratio was calculated after removing the contribution of the Si0,
component (deriving from the substrate) from the O 1s peak (blue
component in Fig. 4).

Sample Hf4f O1s Si2s Pt 4f O/Hf O*Hf
Substrate 253 542 20.5

16 nm HfO2  19.2 334 345 12.2 1.74  0.63
20 nm HfO,  24.7 40.7 222 10.0 1.65 0.65
25 nm HfO,  29.7 464 19.1 4.7 1.56 0.56

XPS data analysis highlights that, as expected, the con-
centration of the elements constituting the substrate (i.e.,
silicon and platinum), decreases as the HfO, films thickness
increases. Moreover, by increasing the thickness of the HfO,
films (from 16 nm to 25 nm), the surface amount of Hafnium
and Oxygen increases.

C. ELECTRICAL CHARACTERIZATION OF THE DEVICES
The typical I-V characteristics of the three devices with
different HfO, thickness are reported in Fig. 5. The voltage
sweep was tailored to the different oxide thicknesses to avoid
breakdown of the thinner oxide and both Vsgr and Vggser
were below 1.4 V. All measured devices did not need a
forming process and exhibited an anticlockwise hysteresis
cycle as expected for memristors and a bipolar switching
behavior, with the switching to the ON (or SET) state for
positive voltages and the switching to the OFF (or RESET)
state for negative voltages. Moreover, the memory window
between Rorr (>1 M) and Roy (< 100 2) exhibited by
the thickest oxide devices was larger than 10°.

Because of the Cu/HfO,/Pt structure, the conduction
mechanism of the devices may be attributed, as well as many
similar devices reported in literature [2], [16], [17], [22],
[23], [44], [45] to the formation of Cu conductive filaments
during the SET process and their subsequent rupture after
having inverted the applied voltage (RESET process). This
is confirmed by the ohmic behavior of the I-V characteristic
during the ON state, as shown in the log-log plot reported in
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FIGURE 5. Typical bipolar I-V resistive switching characteristics of the
Cu/Hf0, /Pt memristors with different oxide thickness. The arrows indicate
the direction of the hysteresis cycles. A current compliance of 5 mA was
imposed during the SET process. The inset shows the I-V curve related to
the 25 nm-thick oxide device replotted in a double logarithmic scale.
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FIGURE 6. Temperature dependence of Rgy (a) and Rggf (b) relative to 16
nm and 25 nm-thick HfO, devices at the reading voltage of 0.1 V. The
dashed lines are linear fitting.

the inset of Fig. 5 [44], [46], and by the linear increase of
Ron with the temperature, as shown in Fig. 6(a) [24]. From
the straight-line slope of Fig. 6(a) is possible, moreover, to
estimate a temperature coefficient of 4 x 107> K~!, in
line with the value reported for high purity copper (3.9 x
1073 K~') [47]. This suggests that the conducting filament
is mainly composed by copper. The inset of Fig. 5 shows,
furthermore, that the conduction mechanism in the HRS
is characterized by a trap-controlled space charge limited
current conduction (TC-SCLC) with a predominant ohmic
behavior at low voltages and a more distinct quadratic
behavior at higher voltages (I o« aV + bV?) [48]. This
non-ohmic behavior of the HRS state is further evidenced
by the variation of Rorr with the temperature reported in
Fig. 6(b), which corresponds to a typical semiconducting
behavior, considering the approximate linear relationship
between log(Rorr) and the temperature [24], [49], [50]. This
variation, observed also in the 16 nm-thick oxide device,
could be due to a large number of oxygen vacancy-related
traps formed inside the HfO; film following the increase in
temperature, with consequent increase of the injected current
through the oxide [51], [52], [53]. From Fig. 5 is possible
to see that Vg increases with the oxide thickness, from 0.9
Vito 11 Vito 1.2V, for 16 nm, 20 nm, and 25 nm thick
HfO, films, respectively. This behavior has already been
reported for Cu/HfO,/Pt devices fabricated by ALD [17],
and sputtering [22], and for other CBRAM devices [21], and
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means that a larger electric field is required in the thicker
oxide devices to achieve the formation of Cu filaments [22].
On the other hand, the thickest oxide memristor exhibits also
the largest Vgreser (—1.1 V) as it has been observed in [17]
and [22], and also with other materials [54]. Both Vsgr and
Vreser are however lower than those reported for devices
with same structure and similar oxide thickness deposited
by sputtering [22] and PLD [23] and devices which employ
thinner HfO; films grown by ALD [16], [17], as it is possible
to compare in Table 3. This finding is very promising for
realizing low voltage memory devices.

Pulse measurements were performed to assess both data
retention and endurance performance. Retention measure-
ments of the three devices are reported in Figs. 7(a) and (b).
As it can be seen, both Rporr and Rpy of devices which
employ thicker HfO, film (20 nm and 25 nm) are very
stable within the testing period of 10* s. The larger oxide
thickness makes Rppr of the device with 25 nm-thick oxide
larger than that of devices with 16 and 20 nm-thick oxide of
4 and 3 orders of magnitude, respectively. This very large
difference could also be ascribed to larger leakage currents
in thinner oxides [31], enhanced by the sub-stoichiometry
of the films. On the other hand, Rpy is of the same order
of magnitude for all devices, with the thinnest oxide device
exhibiting a small variability over time (from 40 Q to 7
2), which, however, does not compromise the integrity of
the memory device, being the Rorr/Ron ratio always larger
than 10, as shown in Fig. 7(b). The latter highlights also
how the device with 25 nm-thick HfO, film exhibits the
best Rorr/Ron ratio (~106), which is much larger than
similar devices realized by electron beam [26], PLD [23],
and ALD [17]. This means that a proper deposited HfO;
film thickness allows realizing memristive devices with a
reliable non-volatile memory behavior [21].

Endurance measurements were carried out by continuously
switching the devices from the OFF to the ON state and from
the ON to the OFF state by applying positive and negative
0.5s-wide pulses, respectively. The measurements reported in
Fig. 7(c), relative to the thickest oxide-based device, revealed
that, although the fluctuations showed by Ron, the switching
between the ON and the OFF state in the first 117 switching
cycles is adequately uniform (Ropr/Ron ~100), controllable,
reversible, and reproducible [1], [55], [56], [57]. However,
after 117 cycles, a progressive degradation (manifested as a
reduction of resistance) of Ropp, until the device gets stuck
in the LRS, is observable. This behavior, which denotes a
lower endurance than other works [58], [59], has been widely
reported for ECM devices and could be ascribed to cycle
to cycle irreversible penetration of copper atoms into the
oxide layer which makes the switching layer progressively
thinner and thinner [60], [61], [62], [63]. The variability
of Roy could be due to a different number and diameter
of the conducting filaments formed during the SET process
from cycle to cycle. Thinner oxides, instead, as it is shown
in Figs. 7(d) and 7(e), give rise to unstable and unreliable
devices which quite often fail to switch either to the ON or
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TABLE 3. Comparison between the characteristics of the devices presented in this work and those of similar Cu/Hf0, /Pt memristive devices fabricated

with different techniques. NA stands for not available.

tox

Retention Endurance

Techni truct Vset/Vreset F i Rorr/R Ref.
echnique Structure (nm] set/Vrese orming orr/Ron Is] [# cycles] e
CBVD Cu/HfO,/Pt 16 0.9 V/-0.5V 6 x 10
CBVD Cu/HfO,/Pt 20 1.1 V/-05V No 5x 10° 10* 117 [This work]
CBVD Cu/HfO,/Pt 25 1.2V/-1.1V 10°

ALD Cu/HfO,/Pt 10 3V/-23V No NA NA NA [16]
ALD Cu/HfO,/Pt 3 0.5V/-0.5V

ALD Cu/HfO,/Pt 5 1.5 V/-0.6V Yes <10* 10* 120 [17]
ALD Cu/HfO,/Pt 10 2.1V/-0.8V

ALD Cu/HfO,/Pt 5 1.8 V/-0.8 V Yes >10* 10* 10 [58, 59]

Sputtering Cu/HfO,/Pt 10 0.22 V/-0.12 V No NA NA NA [20]

Sputtering Cu/HfO,/Pt 5 1V/-14V

Sputtering Cu/HfO,/Pt 10 0.7V/-0.7V

. Y NA NA NA 22
Sputtering Cu/HfO,/Pt 20 14V-1V e [22]
Sputtering Cu/HfO,/Pt 30 3.5V/-38V

PLD Cu/HfO,/Pt 30 2V/-1.8V No 10* NA 80 [23]
Electron-beam Cu/HfO,/Pt 20 02V/-02V No 10? NA 120 [19]
Electron-beam  Cu/Cu:HfO,/Pt 40 4V/-1.8V No 10 10° 100 [18]
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FIGURE 7. Retention characteristics of the Cu/Hf0, /Pt devices with different oxide thicknesses in terms of (a) Rggr and Ry and (b) Ropp/Rop ratio. All
the retention measurements were performed by using a + 1.5 V, 0.5 s SET pulse followed by + 0.1V, 0.5 s reading pulses for Rgy and a -1.5V, 0.5 s RESET
pulse followed by - 0.1 V, 0.5 s reading pulses for Rogg. Endurance performance of (c) the thickest and (d) the thinnest oxide devices over 300 cycles of
SET/RESET 0.5 s-wide pulses. All the reading measurements were performed at + 0.1 V (Rgy) and - 0.1 V (Rggg). Cycle to cycle (100 cycles) cumulative
probability of Rgy and Rggf for the 16 nm and 25 nm-thick oxide devices (e). Device to device Rgy and Rggf variability determined by measuring 20
different devices with the same oxide thickness for all three types of devices (f).

the OFF state and eventually remain in the LRS earlier than
the thickest oxide device.

Cycle to cycle and device to device variations of Rpy and
Rorr for devices with different oxide thickness are reported
in Figs. 7(e) and 7(f), respectively. Intra-device probability
distributions of Roy and Rppr relative to the thickest oxide
device show a good stability of Rorr and a more variability
of Ron, which however does not invalidate the very good
Rorr/Ron switching stability. The thinnest oxide device
displays instead a larger cycle to cycle variability, due to
the instability earlier described. Device to device uniformity
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statistical analysis (Fig. 7(f)), based on 20 devices of each
type (16 nm, 20 nm and 25 nm oxide thickness), shows
a superiority of the thickest oxide devices in terms of
tightest distribution within Roy and Ropg, which implies a
much greater reproducibility of results respect to the thinner
devices.

IV. CONCLUSION

In summary, bipolar and forming-free memristors based
on HfO films deposited by CBVD were fabricated and
characterized. SEM measurements showed that HfO, films
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are uniform and crack-free. XPS measurements highlighted
that all the deposited HfO, films are sub-stoichiometric.
A comparative study was carried out to test the devices
behavior against oxide thickness. Very good performance in
terms of Ropp/Ron ratio (~10° and ~10° at 298 K and
398 K, respectively), low switching voltages, and retention
time over 10* s were shown by the devices with the
thickest oxide film (25 nm), which however displayed a
relatively low, albeit stable endurance of 117 cycles. Thinner
oxide devices showed instead a reduced Ropp/Ron ratio
(~ 500 and ~ 60 for 20 nm and 16 nm HfO, films,
respectively), a still good retention, and a more and more
degrading endurance and uniformity with decreasing oxide
thickness. Data analysis allowed us to explain the switching
mechanism, which can be ascribed to the formation and
rupture of copper filaments. In the LRS the conduction
mechanism was ohmic, while the HRS is characterized by
the TC-SCLC mechanism. The observed filamentary effect
suggests that the active medium is actually much smaller
than the cell size, providing a potential of scaling [49]. A
comparison with other similar devices realized with different
deposition techniques showed that CBVD-grown HfO, films
of appropriate thickness provide memory devices with lower
SET and RESET voltages, larger resistance window and
retention, and lower endurance. This means that CBVD can
thus be considered as a promising deposition technique for
the fabrication of large resistive switching HfO»-based non-
volatile memory devices.
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