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Resistive switching in atomic layer deposited HfO2/ZrO2 nanolayer stacks
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A R T I C L E I N F O

Keywords:
Resistive switching
HfO2/ZrO2

Nanolayer
Interfaces

A B S T R A C T

The resistive switching properties of HfO2/ZrO2 nanolayers with the total thickness of 16 nm prepared using
atomic layer deposition (ALD) were investigated. Current-voltage behavior, pulse time mode measurement,
retention and endurance tests were carried out to characterize the memristive (memory-resistive) properties.
Resistive switching was observed in all nanolayer stacks, and the set voltage (Vset) decreased with increasing the
number of layers (i.e., increasing number of hafnia-zirconia interfaces). Grazing incidence x-ray diffraction (GI-
XRD) results demonstrate that the hafnia transforms from monoclinic to orthorhombic crystal structure during
the post metallization annealing. Shifts in the binding energy of the x-ray photoelectron spectra (XPS) implies
the existence of hafnia and zirconia suboxide (HfO2-δ and ZrO2-δ). Moreover, the blocking nature of the inserted
oxide/oxide interfaces serves as a barrier to oxygen ion/vacancy migration. It is shown that memristive/in-
sulating nanostructures like HfO2/ZrO2 can help modulate the resistive switching of memristor-based devices.

1. Introduction

In the past decade, non-volatile memory devices, such as ferro-
electric random access memory (FRAM), ferroelectric filed effect tran-
sistor (FE-FET), ferroelectric tunneling junction (FTJ), energy storage
device as well as resistive random access memory (RRAM), have been
paid much attention for next-generation memory applications [1–7].
RRAM which utilizes reversible resistive switching to recognize the “0″
or “1” in logic circuits for data storage is based on a Metal-Insulator-
Metal (MIM) structure, and thus, usually requires a dielectric material
as insulating layer [8]. Compared with traditional lead-based per-
ovskite materials used in FRAM like lead zirconate titanate (PZT),
simple binary HfO2 and ZrO2 are environmentally friendly and easily
integrated into complementary metal–oxidesemiconductor (CMOS)
technology [9]. Moreover, given the recent developments in advanced
deposition techniques, HfO2 and ZrO2 are suitable for three-dimen-
sional (3D) integration of capacitors and thereupon are promising
candidates for resistive switching layers in RRAM structures [10]. Li
et al. reported the resistive properties of Au/ZrO2/Ag structures under
low operation voltages (< 1 V) and fast switching speed (50 ns) [11].
Since the ferroelectricity was reported in Si doped HfO2 thin films in
2011, there have been numerous efforts focused on the resistive
switching properties of HfO2-based ferroelectric thin films [12–15].
Recently, Yoong et al [7] reported an extremely large ferroelectric re-
sistive switching with a ROFF/RON ratio of 16100% in epitaxial

ferroelectric Hf0.5Zr0.5O2 (HZO) resistive memory devices. Further-
more, a redox-type reaction of the TiN layer at the interface with the
HfO2 film is believed as the possible origin of the bipolar switching,
which was further introduced and developed in the bilayer structure of
HfO2/ZrO2 films [16]. Considering that multilayer structures have been
identified as a feasible route to increase interfaces and regulate the
migration of oxygen ions and vacancies [17], in this work, we in-
vestigated the resistive switching of HfO2/ZrO2 nanolayer structures for
modulating the conductive filaments.

2. Experimental section

HfO2/ZrO2 multilayer stacks with a total thickness of 16 nm were
deposited on Pt/Ti/SiO2/Si substrates using ALD method. Tetrakis
(ethylmethylamino)-hafnium (TEMAH, Fornano, 99.999%), tetrakis
(ethylmethylamino)-zirconium (TEMAZ, Fornano, 99.999%) and ul-
trapure H2O were used as Hf precursor, Zr precursor and oxidant, re-
spectively. The substrates were cleaned under ultrasonic agitation in
acetone, ethanol, and deionized water for 10 min, and then dried with a
nitrogen gun. To obtain the nanolayer films, HfO2 and ZrO2 layers with
different thickness were alternatively deposited at 250 °C, as shown in
Fig. 1(a). By tuning the number of pulse cycles during deposition, four
types of structures were prepared, such as N1 ((8 nm HfO2 + 8 nm
ZrO2) × 1), N2 ((4 nm HfO2 + 4 nm ZrO2) × 2), N4 ((2 nm
HfO2 + 2 nm ZrO2) × 4) and N8 ((1 nm HfO2 + 1 nm ZrO2) × 8). A
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capping layer of TiN (30 nm thick) and Au top electrode (100 nm thick)
were deposited using DC magnetic sputtering covered with a metal
shadow mask (300 µm diameter). The obtained MIM structures were
annealed under 450 °C in nitrogen atmosphere for 30 s using rapid
thermal processing (RTP). Grazing incidence x-ray diffraction (GI-XRD,
Bruker D8 Advanced, Cu-Kα radiation, λ = 0.154 nm) was used to
determine the crystal structure of the HfO2/ZrO2 nanolayers with a
grazing incident angle of 0.5°. X-ray photoelectron spectroscopy (XPS,
ESCALAB250Xi, Thermo) analysis was performed to observe the
bonding structure and valences of the chemical species. The electrical
characterization was performed using a semiconductor parameter
analyzer (Agilent 4156C) at room temperature and included current-
voltage (I-V), pulse mode test, retention, and endurance reliability
measurement. During the test, the left probe was contacted with the top
electrode and the right probe was grounded. Moreover, 4–6 cells were
measured on each sample and a compliance current (CC) of 10-4 A was
used to prevent the samples from electrical breakdown.

3. Results and discussion

Fig. 2 shows the semi log current-voltage behavior of Au/TiN/
(ZrO2/HfO2)n/Pt devices. For each sample, a voltage sweep applied on
the top electrode (1 → 2 → 3 → 4 shown in the figures) was followed
and the resistive switching behavior was observed. It is important to
note that a large negative voltage was needed to electroform the first
conductive state in the device in order to activate the reversible re-
sistive switching behavior [18]. Forming current fluctuations were
observed with increasing voltage, as shown in the right insets of
Fig. 2(a)–(d). Since the average forming voltage of these four samples
increased from −8.4 V to−9.2 V (Fig. 1(b)), it can be inferred that this
is the result of voltage drop at the additional zirconia-hafnia interfaces.
After the forming process, all the samples showed an initial HRS and
underwent the resistive switching from HRS to LRS in the first cycle,
which was consistent with the formation of conductive filaments in
these oxide layers. To investigate the conducting mechanism of HRS,
the Ln(I) – V1/2 curve fitting method [19] was used. In the left insets of
Fig. 2(a)-(d), a linear relationship in these fits was observed, which was
indicative of a Schottky emission mechanism active in the HRS at low
voltages (V| | < 1 V). In addition, the set process of each sample was
investigated. Although the abrupt increase in current was not im-
mediately observed in N1 samples from 0 to −3 V, the current showed
a gradually continuous increase during the set process and a gradual
LRS-to-HRS transition during the reset process (Fig. 2(a)). In Fig. 2(b),
the N2 devices exhibited a typical bipolar resistive switching with the
set voltage (Vset) of −1.5 V and the reset voltage (Vreset) of approxi-
mately +1.5 V. However, the N4 samples exhibited an interesting re-
sistive switching behavior. It is worth noting that at the first cycle, after
the first abrupt increase in current, there was a plateau in the N4

sample until the current suddenly increased again and reached the CC
level as shown in Fig. 2(c). The Vset of N2 samples was larger than the
Vset1 (−1.25 V) and smaller than the Vset2 (−1.8 V) of N4. Such lower
Vset1 can be attributed to the formation of conductive filaments in the
first HfO2/ZrO2 interfaces near the TiN [20]. Therefore, it can be in-
ferred that the emergence of a potential barrier at the interfaces be-
tween the alternatively deposited HfO2/ZrO2 layers prohibits the drift
of oxygen ions/vacancies, resulting in the increase of the Vset2 in N4. In
N8 samples, the Vset1 (−1.1 V) was smaller than that of N4 (−1.25 V);
interestingly however, there was no plateau after the first abrupt in-
crease in current, which pointed to differences in the formation of local
conductive filaments in the HfO2/ZrO2 interfaces.

In order to try to understand the origin of the bipolar switching
characteristics observed in the nanolayer samples, Fig. 3 shows the
anticipated energy band diagram for the N1 configuration. The con-
duction band offset is presented in Fig. 3(a). Compared with Pt elec-
trode, electrons can jump more easily from the TiN electrode into the
ZrO2 layer and oxygen ions migrate to the bottom electrode while ap-
plying a negative voltage. Thus, a large amount of oxygen vacancies
emerges and forms a conducting path in HfO2 and ZrO2 layers when the
applied negative voltage increases to the forming voltage, leading to the
transition from HRS to LRS [16]. In this situation, a large current is
generated and reaches the CC value towards the Pt electrode (Fig. 3(b)).
In Fig. 3(c), when applying a positive voltage, oxygen vacancies drift
back to oxide layers and the conductive filament is ruptured at the
HfO2/ZrO2 interface since it has the smaller barrier gap [11]. Therefore,
the device switches from LRS to HRS.

To further investigate the resistive switching characteristics of the
samples, the cyclic voltammetry was performed on N2 and N8 config-
uration, respectively. In Fig. 4(a), the typical shape of the I-V curves
was stable after 10 switching cycles, indicating the stabilization of the
resistive switching behavior in N2 samples. The evolution of operation
voltage in N2 for the first 10 consecutive switching cycles is shown in
the left inset of Fig. 4(a), and the fluctuation of the Vset and Vreset can be
easily observed. In this figure, the Vset had a narrow distribution (be-
tween −0.8 and −1 V), whereas the Vreset had a wider voltage fluc-
tuation (between 1.5 and 2.4 V). By contrast, the resistive switching
characteristics of the N8 configuration was quite different. In Fig. 4(b),
the semi log I-V curve of N8 indicated a bipolar resistive switching in
the first cycle, whereas in the 6th switching cycle, the set procedure
became slightly indistinct and the reset procedure had almost dis-
appeared; in essence, the samples transitioned from bipolar resistive
switching to HRS, as shown in Fig. 4(c). Finally, in Fig. 4(d), neither
SET nor RESET procedure showed up in the 10th switching cycle and
the I-V curve behaved as a gradual HRS-to-LRS or LRS-to-HRS transi-
tion. One reasonable explanation for the resistive switching degrada-
tion of N8 is the drift of the oxygen ions/vacancies at HfO2/ZrO2 in-
terface. As the thickness of each HfO2 and ZrO2 layer decreases, the

Fig. 1. (a) Schematic structure of the nanolayered films. HfO2/ZrO2 films are stacked alternatively on the Pt/Ti/SiO2/Si substrates to form the nanolayer structure.
(b) Average forming voltage of four types of samples.
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barrier gap of the HfO2/ZrO2 interface is smaller due to the limited
distance for oxygen ions migration. During electric field cycling, the
barrier width tends to be narrower until it disappears in the end pos-
sibly because of the in-built electric field at interfaces. Therefore, the
resistive switching becomes weaker and weaker with the cycles. An-
other reason for this behavior might be the decrease in the Schottky
barrier height due to the accumulation of oxygen ions at the TiN/ZrO2

interface [19], resulting in the electric breakdown on the TiON and the
degradation of resistive switching during the electric field cycles.

Fig. 5 exhibits the real-time monitoring of 10 consecutive pulse
mode measurement results of the four samples. Three read pulses after
one write pulse were applied in one cycle and repeated for 10 cycles.
The pulse width and pulse period were 0.1 s and 1 s, respectively. The
results indicated that all the samples underwent resistive switching
under an appropriate pulse condition. In Fig. 5(a), the RHRS/RLRS ratio
of N1 remained between 2 and 3 in the initial 9 pulses and had slightly
increased to ~4–5 at the end of test. In N2 samples, the RHRS/RLRS ratio
seemed more stable with an approximate value of 7, shown in Fig. 5(b).
However, the memory window of N4 and N8 had wider fluctuation. In

Fig. 5(c), the RHRS/RLRS ratio of N4 increased from 4 to 9, whereas in
Fig. 5(d), the RHRS/RLRS ratio of N8 suggested a dramatic decrease to 10
although it had a large RHRS/RLRS value of 100 at the first pulse. This
degradation of the RHRS/RLRS ratio in N8 can be ascribed to the varia-
tion of resistive switching mechanism as mentioned in Fig. 4(b)–(d). At
the beginning, the HfO2/ZrO2 interfaces seem to constitute the largest
potential drop under the same electric field because of the existence of
barrier gap between two oxide layers, causing a larger RHRS/RLRS ratio.
However, during the measurement, the fluctuation of RHRS also in-
creased in those samples, implying that an unstable resistive switching
took place under the same pulse parameters. This phenomenon is likely
the result of decreased oxygen vacancy migration and the presence of
charged defects at the HfO2/ZrO2 interface, leading to the degradation
of RHRS [24–26]. In this work, the N2 configuration presents a more
stable switching behavior in a rapid write-read pulse operation for 10
cycles than that of N4 and N8 samples with the same level of RHRS/RLRS

ratio in the end. In other words, the nanolayer devices with less layers
or relatively larger thickness perform better in the long-time operation.

Given their superior performance, the retention characteristics of

Fig. 2. Semi log I-V curves of HfO2/ZrO2 nanolayered films, (a) for N1, (b) for N2, (c) for N4 and (d) for N8. Both compliance currents of these four samples were set
as 10-4 A to prevent from electrical broke down. Left and right insets show the Ln (I) – V1/2 curve and the forming voltage, respectively.

Fig. 3. The energy band diagram at (a) conduction band offset, (b) applying a negative voltage and (c) applying a positive voltage on the top electrode in N1
configuration device. The work functions of TiN (4.5 eV); the electron affinities of ZrO2 (2.8 eV), HfO2 (2.65 eV), and TiON (3.2 eV) are found in Refs. [21–23].
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Fig. 4. (a) 10 consecutive switching cycle for N2 samples. The right insert shows the variation in operation voltage with resistance switching cycle. Semi log I-V
curves of N8 samples in the (b) 1st, (c) 6th and (d) 10th switching cycle.

Fig. 5. Pulse mode test results of the MIM devices for (a) N1, (b) N2, (c) N4 and (d) N8.
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N2 and N4 samples were also investigated. In Fig. 6(a), although the
resistance of HRS slightly increased, both the RHRS and RLRS in N2 and
N4 were respectively maintained for at least 105 and 104 s after a write
operation, indicating that the HRS and LRS can be retained for a long
period time without an external voltage stimulus. This result also in-
dicates a better performance of resistive switching in N2 not only due to
the larger ROFF/RON ratio but also the longer retention time. To estimate
the endurance capacity, the endurance test was performed on N2
samples under the write pulse amplitude of± 3 V and read pulse am-
plitude of 0.5 V. In Fig. 6(b), after 100 electric field cycles, the ROFF/
RON ratio in N2 was stable within an order of magnitude. In nanolayer
stacks, the HfO2/ZrO2 interface is more likely to be the place where the
formation and rupture of the conductive filament takes place, rather
than at the electrodes [16], and therefore the LRS can keep relatively
stable during the cycles. Compared to Zr doped HfO2 devices, it is easier
to achieve the operation on the OFF/ON switching at the HfO2/ZrO2

interface and enhance the reliability of the devices. Both the results of
retention and endurance measurements for N2 samples are promising
and encouraging for further investigation into multilayer device ap-
proaches towards memrisitive device fabrication.

In order to understand the differences in the crystal structure of the
samples, GI-XRD was collected on HfO2/ZrO2 nanolayer stacks on Pt/
Ti/SiO2/Si substrates; the representative patterns are shown in Fig. 7.
The highest intensity diffraction peak observed near 45° was from Pt

substrate. Both the oxidized nanolayers of N2 and N4 were poly-
crystalline, consisting of a combination of monoclinic, orthorhombic,
and tetragonal HfO2, as well as ZrO2. Interestingly, as the thickness of
each layer decreases, the intensity of the diffraction peak of monoclinic
HfO2 phase, labeled as (1 1 1)m, significantly weakened. In addition, the
(2 0 0)m at 35.5° disappeared and the (0 0 2)o/(0 2 0)o of HfO2 located
at 35.1°/35.2° became stronger. This suggests that the metastable or-
thorhombic HfO2 phase can be stabilized by the increasing interfacial
energy effects as the thickness of the monolayers is reduced [27]. Due
to the chemical similarity of these two fluorite structure oxides, tetra-
gonal ZrO2 was also stabilized for small crystallite sizes and a narrow
range of surface/interface area [28]. In terms of resistive switching, it is
interesting to note that while the formation energy of oxygen vacancy
in tetragonal and orthorhombic HfO2 phase was lower than that in
monoclinic phase, leading to a decrease of electroforming voltage [26],
the presence of HfO2/ZrO2 interfaces with high density of traps in-
creased the built-in electric field by absorbing the charged defects, and
thereupon increased the forming voltage [29]. Therefore, considering
these two contrasting points, in this work the interfaces play a more
important role on the modulation of electroforming voltage. In addi-
tion, except for the ionic migration under the applied electric field,
there was a high concentration of oxygen vacancies emerging in the
ZrO2 layers near the TiN, which was ascribed to the formation of TiON
interface layer during the RTP process [16]. Therefore, it can be in-
ferred that in the case of N4, these interface barriers block the transport
of the oxygen ions/vacancies, and thus, result in the high Vset2 observed
in N4.

Fig. 8 shows the XPS high-resolution spectra of Hf 4f, Zr 3d and O 1s
for N2 and N4, where the C 1s peak as 284.6 eV was used for calibra-
tion. In Fig. 8(a), the Hf 4f spectrum of N2 consisted of two parts, Hf
4f7/2 at 17.1 eV and Hf 4f5/2 at 18.7 eV respectively, which was larger
than the Hf 4f7/2 at 16.8 eV and Hf 4f5/2 at 18.4 eV in N4 sample [30].
This shift was consistent with a decrease in the binding energy of Hf-O
bond and a high concentration of oxygen vacancies, demonstrating the
formation of hafnium suboxide (HfO2-δ). Meanwhile, according to the
standard peaks of Zr 3d5/2 at 181.7 eV [30], a similar situation occurred
in the zirconium oxide layers shown in Fig. 8(b), where the Zr 3d
spectrum shifted towards the higher binding energy due to the emer-
gence of the zirconium suboxide (ZrO2-δ). Hence, as expected, the
amount of HfO2-δ and ZrO2-δ in N2 was much larger than that in N4. In
addition, Fig. 8(c) and (d) show the different O 1s peak spectra between
the nanolayered N2 and N4 samples. The O 1s peak was deconvoluted
into three parts: OO-Zr, OO-Hf, and Onon-lattice, which were related to the
contributions of lattice oxygen and non-lattice oxygen, respectively
[31]. The area proportion of each peak was also obtained in Fig. 8(c)
and (d). It is worth noting that the percentage of non-lattice oxygen at
531.7 eV in N2 is 14.5%, which was larger than that of 13.2% at

Fig. 6. (a) Retention characteristics of nanolayered device in N2 and N4 samples for at least 104 s under the write pulse amplitude as −3 V and read pulse amplitude
as 0.5 V. (b) Evolution of HRS and LRS in N2 samples under electric stimuli cycles with the write pulse amplitude as −3 V and read pulse amplitude as 0.5 V.

Fig. 7. GI-XRD patterns of nanolayered structures. As the thickness of mono-
layer decreased, monoclinic HfO2 gradually transformed into orthorhombic
HfO2 through the surface energy and mechanical strain effects.
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531.2 eV in N4. This difference in the oxygen distribution and location
might be contributing to the lower Vset in N2 samples compared with
N4 samples in the first cycle.

Table 1 presents a summary of switching characteristics and oxygen
binding of the samples in this work. It is well known that a certain
amount of oxygen vacancies is essential to complete the first electro-
forming step. For example, Yang et al. [18] have shown that the nature
of oxide electroforming was an electro-reduction and vacancy forma-
tion process under high electric fields. Fig. 9 shows the mechanism
schematic diagram of N2 configuration. According to Huang’s report,
after the post annealing process an extremely thin TiON layer is ex-
pected to form between TiN and ZrO2 as a result of oxygen ion mi-
gration [16], and thus, a higher concentration of oxygen vacancies
exists in both ZrO2 and HfO2 layers (Fig. 9(a)). When a negative bias is
applied, oxygen vacancies drift and oxygen ion transfers from TiN
electrode to Pt electrode, causing the resistive switching from HRS to
LRS once a conductive filament emerges in the resistive switching
layers (Fig. 9(b)). On the contrary, under the positive bias, the rupture
of conductive filament occurs at the weakest region like HfO2/ZrO2

interface with smaller barrier height, leading to the resistance state
switch from LRS to HRS (Fig. 9(c)). Notably, as the number of interfaces
increases the more rupture region can be established, which might
enhance the randomness of the rupture of the conductive filament but
reduce the stability of the resistance of HRS either (Fig. 6(b)). In

addition, in the N4 nanolayer devices, local conductive filaments are
likely to form in the first several oxide layers through oxygen vacancy
migration as shown in Fig. 2(c); the resistance state alters from HRS to a
medium state and kept stable until the voltage increases to a higher
value (Vset2). Once the applied voltage reached Vset2, the complete
conductive filament forms throughout the nanolayer films and the re-
sistance state switches from medium state to LRS. This not only suggests
that the HfO2/ZrO2 interfaces further limit the migration of the oxygen
ion/vacancy but explains the observed increase in Vset and a larger
ROFF/RON ratio as the number of interface increases.

4. Conclusions

In summary, HfO2/ZrO2 nanolayer stacks can be successfully fab-
ricated using ALD, and their resistive switching characteristics were
studied. As the number of HfO2/ZrO2 interface increases, HfO2 and
ZrO2 transform from monoclinic to orthorhombic and tetragonal phase,
respectively. The shifts of binding energy in XPS results demonstrates
the formation of hafnia and zirconia suboxides (i.e., HfO2-δ, ZrO2-δ),
meantime the decrease in the percentage of Onon-lattice indicates the
suppression of the oxygen ion/vacancy migration via introducing the
HfO2/ZrO2 interfaces. The device with more HfO2/ZrO2 interfaces
shows a higher RHRS/RLRS ratio, however, it presents a degradation of
the memory windows during the cycles. This phenomenon is probably

Fig. 8. XPS core level spectra of HfO2/ZrO2 nanolayers with deconvoluted peaks of (a) Hf 4f spectrum, (b) Zr 3d spectrum, (c) O 1s spectrum of N2 sample and (d) O
1s spectrum of N4 sample. All the spectra were calibrated by setting C 1s standard peak at 284.68 eV.

Table 1
Summary of switching characteristics and oxygen bonding distribution.

Samples Forming Voltage (V) Vset/Vreset ROFF/RON Ratio Phase Percentage of non-lattice oxygen Percentage of Zr-O bond Percentage of Hf-O bond

N1 −8.4 −/− 2–3 m- 17.0% 69.9% 13.1%
N2 −8.7 −0.9/+1.4 7–8 m-, t-, o- 14.5% 57.9% 27.6%
N4 −8.6 −/− 4–9 m-, t-, o- 13.2% 45.8% 41.0%
N8 −9.4 −1.3/+1.8 10–100 t-, o- 12.9% 43.2% 43.9%

L. Tang, et al. Applied Surface Science 515 (2020) 146015
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owing to the decrease in transition barrier of oxygen vacancy in tet-
ragonal/orthorhombic ZrO2/HfO2 and the increase in charged defects,
leading to the dramatically fluctuation in RHRS. Although additional
work on the effects of the oxide/oxide interfaces and compliance cur-
rent on the long-term endurance and retention is needed, these results
illustrate the potential of HfO2/ZrO2 and relate nanolayer structures for
investigating the fundamental characteristics and performance tuning
of resistive switching devices.
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