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ng of the HfOx/HfO2 bilayer
heterostructure and its transmission characteristics
as a synapse
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In this work, HfOx/HfO2 homo-bilayer structure based resistive random access memory devices were

fabricated, and the resistive switching characteristics of the devices were investigated. The samples with

an Ar/O2 ratio of 12 : 2 exhibited improved switching performance including better uniformity,

endurance and retention, which was selected to imitate the “learning” and “forgetting” function of

biological synapses. The multilevel conductance of the HfOx/HfO2 homo-bilayer structure under the

model of pulse voltage suggests its potential to emulate the nonlinear transmission characteristics of the

synapse, and a model of multilevel conductance of the HfOx/HfO2 homo-bilayer structure was

proposed. The device conductance continuously increases (decreases) in accordance with the number

of positive (negative) voltage pulses during the potentiation (depression) process, which can emulate the

change of synaptic weight in a biological synapse.
Introduction

Nanoscale transition metal oxide-based resistive switching
random access memory (RRAM) devices, due to their various
virtues, including high operating speed, low power consump-
tion and excellent scalability, have attracted a great deal of
attention.1–4 In recent years, a lot of effort has been focused on
RRAM based on a bilayer heterostructure consisting of two
different oxides or the same oxide with different oxygen
contents in virtue of its peculiar performance, such as multi-
level resistive switching,5–7 self-rectication functionalities,8–11

and synaptic emulation.12 RRAM has been proposed to emulate
the synapse owing to their similarity with nonlinear trans-
mission characteristics. The synapse is an essential two-
terminal device, including the pre-neuron and post-neuron
synapse, which is remarkably similar to the metal–insulator–
metal structure of the resistive switching devices.13,14 In bio-
logical systems, the connection intensity between the presyn-
aptic neuron and the postsynaptic neuron is called synaptic
weight, which can be regulated by ionic ow through them and
it is generally recognized that the change of synaptic weight
enables biological systems to learn and function.15,16 Analogous
to the biological synapse, the conductance of the resistive
switching devices can be viewed as the biological synaptic
weight, and the conductance can be modied by precisely
regulating the input pulses and via regulating the charge ow
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through the device.13 There are some different materials used
for fabricating and designing memristors (memory + resistor),
such as TiO2,15 Ag2S,17 PEDOT:PSS18 and InGaZnO.19 Memristors
were used to emulate the nonlinear transmission characteris-
tics of the synapse.

In this paper, the HfOx/HfO2 homo-bilayer structure based
RRAM devices have been fabricated, and the switching layer of
the devices consists of two parts: the conducting layer (oxygen-
decient� HfOx) and the insulating layer (oxygen-rich � HfO2).
For the oxygen-decient layer, the chemical composition of the
HfOx lms with different concentration of oxygen was investi-
gated, in which the oxygen content in HfOx lm wasmodied by
changing the Ar/O2 ratios during the deposition process.
Subsequently, the resistive switching characteristics of the
HfOx/HfO2 bilayer heterostructure were investigated. The
uniformity of RS parameters and the reliability of the samples
were analyzed. Finally, the device based on the HfOx/HfO2

bilayer structure was used to emulate the nonlinear trans-
mission characteristics of the synapse.
Experimental

In this experiment, the schematics diagram of fabrication
process for the HfOx/HfO2 homo-bilayer structure is shown in
Fig. 1, the Si/SiO2/Ti/Pt substrates were used as continuous
bottom electrode, and then 15 nm-thick stoichiometric HfO2

lms were deposited on pre-cleaned Pt substrates by radio
frequency (RF) magnetron sputtering at room temperature (RT).
Aerwards, the �15 nm-thick oxygen-decient HfOx lms were
grown on HfO2 lms by RF reactive magnetron sputtering at RT
in a gaseous mixture under different Ar/O2 ratios, which was
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Schematic diagram of fabrication process for the HfOx/HfO2 bilayer structure.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
D

ec
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 1

1/
11

/2
02

5 
7:

17
:5

0 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
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12 : 1 (“Device 1”), 12 : 2 (“Device 2”) and 12 : 3 (“Device 3”)
respectively. The RF power of 70 W and the working pressure of
0.3 Pa were utilized. Finally, the Au top electrodes with a diam-
eter of 2 mm were deposited by thermal evaporation using
a shadow mask. The thicknesses of HfOx and HfO2 lms were
measured by the spectroscopic ellipsometer. The chemical
bonding states and chemical composition of HfOx lms in the
HfOx/HfO2 heterostructure was examined via X-ray photoelec-
tron spectroscopy (XPS). The conventional electrical properties
were tested using an Agilent B1500 semiconductor parameter
analyzer in voltage sweep mode. During the measurement, the
bias voltage was applied to the Au top electrode while the Pt
bottom electrode was always grounded, as shown in Fig. 1.
Results and discussion

The chemical bonding states of the HfOx lm in the homo-
bilayer structure were investigated by XPS. Fig. 2 shows the Hf
4f and the O 1s spectra in oxygen-decient HfOx lms of the
Fig. 2 The XPS spectra of (a) Hf 4f and (b) O 1s of the HfOx films depos

This journal is © The Royal Society of Chemistry 2018
HfOx/HfO2 homo-bilayer structure, which were deposited under
different Ar/O2 ratios. The Au top electrodes were not deposited
for XPS analysis, the binding energy (Eb) was calibrated with the
C–C binding energy of the adventitious C signal (284.6 eV).
Fig. 2(a) presents the core level spectra of Hf 4f in the HfOx layer
of the homo-bilayer with different Ar/O2 ratios. The position of
Hf 4f spectra shi slightly to lower Eb as the O2 ow rate
increase, which correspond to Hf–O binds. The result suggests
that the concentration of oxygen vacancy (VO) decrease as the O2

ow rate increases, since the Eb of fully oxidized metal oxide is
lower than that of oxygen decient oxide.20 Fig. 2(b) shows the O
1s spectra of the HfOx layer in the homo-bilayer structure, the
position of O 1s peak also shied towards lower Eb direction,
which corroborates the Hf 4f spectra. By calculating the area
proportion of each peak, the atomic ratio of O/Hf in the HfOx

lm were 1.64, 1.81, 1.92 respectively.
The electroforming process and subsequent resistive

switching (RS) current–voltage (I–V) curves of the HfOx/HfO2

bilayer structure are plotted in Fig. 3. For the RRAM device, the
ited under different Ar/O2 ratios in the HfOx/HfO2 bilayer structure.

RSC Adv., 2018, 8, 41884–41891 | 41885
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large forming voltage (Vf) is needed to form the localized
conductive lament (CF) before the electrical measurements.21

The forming process creates localized conducting paths whose
formation/rupture plays a crucial role in the subsequent RS
characteristics. Fig. 3(a) shows the Vf of different devices at RT,
the Vf increases as the O2 ow rate increased, which can be
attributed to the reduction of oxygen vacancies concentra-
tion.4,22,23 Fig. 3(b–d) depict the typical I–V curves of the different
samples measured for 50 cycles. All the devices present bipolar
resistive switching (BRS), i.e. it switches from high resistance
state (HRS) to low resistance state (LRS) when positive voltage
was applied and returned to HRS during negative voltage
sweeping. A compliance current (Icc) of 1 mA was applied on the
samples to avoid hard breakdown and to improve the RS
performance.24 It is well known that the formation/rupture of VO
CF is widely recognized as the switching mechanism in the
transition metal oxides.4,25 Compared with Device 1 and Device
3, Device 2 exhibited good reproducibility, which may be
correlated with the appropriate oxygen vacancy concentration in
the HfOx layer.

Uniformity of RS parameters is very important for the
memory application. Fig. 4 plots the statistical results of the
distribution of the switching voltage and the resistance of three
devices. Fig. 4(a) shows the statistical distribution of set voltage
(VSet) and reset voltage (VReset) for different devices. Device 2
exhibits smaller VSet (average value) with relative localized
distribution compared with other device (especially Device 3),
this may be related to VO concentration in the oxygen-decient
HfOx layer. As can be seen, Device 3 presents higher and
decentralized VSet, which may due to the number of RS layer in
the Device 3. XPS results revealed that the O/Hf ratio of the HfOx
Fig. 3 (a) The forming voltage of Device 1, Device 2 and Device 3. The typ
2 and (d) Device 3. The inset of (b–d) show the schematic diagram for A

41886 | RSC Adv., 2018, 8, 41884–41891
lm in the bilayer is 1.92, which indicates the size of CF in HfOx

and HfO2 layer is similar. Namely, the resistance of the HfOx

layer is close to that of the HfO2 layer. As a matter of fact, the RS
occurs in the HfOx layer and the HfO2 layer simultaneously,
which increases the complexity of RS process. Consequently,
the VSet is relatively high and scattered. In addition, the distri-
bution of the VSet shows more dispersed than that of the VReset.
It has been reported that the formation of the CFs in the set
process was more random than the rupture of the CFs in the
reset process due to the formation process is determined by the
competition among different lamentary paths.26 The variation
of resistance in HRS (RHRS) and LRS (RLRS) are shown in
Fig. 4(b). The RLRS and RHRS enhance with the increasing O2/Ar
ratios, which is owing to the augment of insulator conductivity.

In principle, reliability is an important index to evaluate the
function of memory in application. In order to investigate the
reliability of the devices, the endurance and the retention
properties were presented in Fig. 5. The endurance character-
istics of the devices were performed under DC voltage sweeping
mode, and the reading voltage was 0.1 V, as presented in
Fig. 5(a). The RHRS and RLRS of the HfOx/HfO2 samples show no
signicant failure aer 50 consecutive RS cycles. The retention
stability of the HfOx/HfO2 sample was measured with a readout
voltage of 0.1 V, as presented in Fig. 5(b). The current of Device 1
in the HRS had evident changes aer cumulative waiting time of
104 s. In contrast, the currents of the Device 2 and Device 3 were
relatively stable and can maintain 104 s without degradation.
The higher VO concentration would lead to the unstabilized
oxygen exchange layer.27 With regard to Device 1, the number of
VO in the oxygen-decient HfOx layer is too high. The VO would
diffuse from the oxygen-decient HfOx region to the HfO2 layer
ical bipolar resistive switching characteristics of (b) Device 1, (c) Device
u/HfOx/HfO2/Pt.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 The statistical results of distribution of (a) the switching voltage and (b) the resistance for Device 1, Device 2 and Device 3.
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under the low electric stress,28 and repair the ruptured laments
or form other connected path due to the VO concentration
gradient29 at HRS with the increasing retention time, hence the
current of high resistance state increases at 8000 seconds. The
moderate VO concentration gradient is a key factor for main-
taining sufficient retention, hence the Device 2 exhibited the
good retention characteristics, which may be due to the
appropriate concentration of VO in the oxygen-defect HfOx layer.

In the light of above results, the Device 2 presents favorable
RS behaviors and gradual reset process, thus it has potential to
emulate the nonlinear transmission characteristics of the
synapse. Fig. 6 shows the nonlinear transmission characteris-
tics of the Device 2. The potentiation of four cycles is presented
in Fig. 6(a), the applied positive DC sweeping voltage ranges
from 0 to 0.18 V, which is lower than the VSet to avoid the abrupt
set process. For the synaptic response, the gradually enhancing
of current level aer each sweep suggests that the gradual
growth of the lament,30 which can imitate the “learning”
process in the biological synapse. The depression of four cycles
is presented in Fig. 6(b), the applied negative DC voltage sweeps
Fig. 5 (a) The endurance and (b) the retention characteristics of the De

This journal is © The Royal Society of Chemistry 2018
range from 0 to �0.10 V. The damping current level aer each
sweep indicates that the oxygen ions can be recombined with
the vacancies during the gradual reset process, which can
imitate the “forgetting” process. There is no uctuation or an
abrupt change in I–V curves during the sweeping process, which
implies the continuous distribution of resistance states could
be realized by applying suitable sweeping voltage. In the set and
reset process, the conductance of the device can be viewed as
the potentiation and the depression in biological synapses,
respectively. The conductance continuously increases with the
increasing number of positive voltage sweep, and then the
device shows the potentiation of the synapses. While the
conductance continuously decreases with the increasing
number of negative voltage sweep, and then the device shows
the inhibition of the synapses. The above phenomena present
a close similarity to the nonlinear transmission characteristics
of the biological synapses.

According to the previous studies, the pulse programming is
a more effective method for the practical application due to its
high energy efficiency and high operational speed.31 Themultiple
vice 1, Device 2 and Device 3.

RSC Adv., 2018, 8, 41884–41891 | 41887
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Fig. 6 The nonlinear transmission characteristics of the HfOx/HfO2 RRAM. (a) Potentiation behaviors of the Device 2 under positive DC voltage.
(b) Depression behaviors of the Device 2 under negative DC voltage.
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resistance levels of the Device 2 under the sequential applications
of 50 identical positive and negative pulses are shown in Fig. 7(a)
and (b), respectively. The resistance changesmonotonously along
with the voltage pulses, which is related to the charge owing
through the device.32 The current of the device continuously
increases (decreases) in accordance with the number of positive
(negative) voltage pulses during the potentiation (depression)
process, which is in agreement with the results of the DC voltage
sweep. If the conductance of the device is viewed as the synaptic
weight, the phenomena show a close similarity to the trans-
mission characteristics of biological.

Multilevel ability is one of the key characteristics for the
synaptic application.33,34 Some studies have suggested that
partial formation/rupture of laments in the bilayer RRAM
devices.35,36 According to the percolation theory,37 the gradual
resistance change under the different number of pulses is due
to the generation of oxygen vacancy. On the basis of previous
investigation, the formation and rupture of the CFs probably
take place at the Pt/HfO2 interface for the bilayer HfOx/HfO2

structures.38,39 Fig. 8 illustrates the multiple resistance levels of
Device 2 during the sequential application of identical pulses.
Before initiating the resistive switching, an electrical forming
process is needed to activate the fresh memory cell into a high
Fig. 7 The resistance of Device 2 vs. biasing pulse number: (a) set and (

41888 | RSC Adv., 2018, 8, 41884–41891
conductive state, as shown in Fig. 8(a). During the subsequent
reset process, the CFs near the cathode (Pt) are ruptured and
forming a tunneling gap region, as illustrated in Fig. 8(b). It is
noteworthy that the pulse voltage is lower than the set voltage,
and then the CFs are not fully formed. When applying the
positive pulse voltage on the Au top electrode, the oxygen anions
(O2�) with negative charges are repelled from the HfO2 layer to
oxygen-defect HfOx layer, which reserved in the HfOx layer
during the positive polarity. The resistance of tunneling gap
decreases with the VO accumulated the lament tip40 under
sequential application of 50 identical positive pulses, as pre-
sented in Fig. 8(c). Hence, the equivalent resistance of the
bilayer HfOx/HfO2 heterostructure is reduced, which corre-
sponds to the long-term potentiation (LTP) of the Device 2.
Applying the negative pulses on the Au top electrode immedi-
ately, the oxygen ions migrate from the oxygen-defect HfOx layer
(oxygen reservoir) to the Pt bottom electrode and recombined
with the VO accumulated the lament tip under sequential
application of 50 identical negative pulses, resulting in the
narrowed tunneling gap,41 as shown in Fig. 8(d). Therefore, the
equivalent resistance of the bilayer HfOx/HfO2 heterostructure
is increased, which corresponds to the long-term depression
(LTD) of the Device 2.
b) reset process.

This journal is © The Royal Society of Chemistry 2018
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Fig. 8 Schematic view of the possible mechanism of the multiple resistance level. (a) Forming process. (b) Reset process. (c) Positive pulse train.
(d) Negative pulse train.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
D

ec
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 1

1/
11

/2
02

5 
7:

17
:5

0 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
The device conductivity can be regulated by tuning the duty
cycle of identical pulse (or pulse width) of the applied voltage
pulses.42 The relationship between the device current and the
duty cycle is depicted in Fig. 9. The duty cycle of identical pulses
with 50 ms pulse width are set to 10 ms/50 ms, 20 ms/50 ms and 40
ms/50 ms with identical positive voltage (+0.12 V) and negative
voltage (�0.12 V). The current increases (or decreases) with the
increasing duty cycle, as shown in Fig. 9(a) and (b). Based on the
aforementioned results, the HfOx/HfO2 homo-bilayer structure
can be continuously and reversibly varied from dielectric to
Fig. 9 (a) Conductance enhancement and (b) conductance attenuation
under different duty cycle. (c) Potentiation and depression properties un

This journal is © The Royal Society of Chemistry 2018
conductor by modulating the oxygen content, which is appro-
priate for the dynamic response to input signals. Fig. 9(c) shows
the current response to a series of 50 positive voltage pulses
(+0.15 V, 20 ms) immediately followed by 50 negative voltage
pulses (�0.15 V, 20 ms). The current increase under the stimu-
lation of consecutive positive voltage pulses, conversely, the
current decrease under the stimulation of consecutive negative
voltage pulses, which can imitate the LTP and LTD function of
the biological synapse. Such behavior can be attributed to the
accumulation and annihilation process of VO.43 It is noted that
by consecutive 50 pulse trains in the positive and negative direction
der identical positive and negative pulses.

RSC Adv., 2018, 8, 41884–41891 | 41889
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the gap emerged between the nal state of the positive pulses
and the initial state of the negative pulses, which is related to
the identical directions of the oxygen ion diffusion and migra-
tion.19 The amount of driing VO increases with the pulse
number,44 therefore the steadily accumulated VO gradually form
the CFs (incomplete lament) before the abrupt set process
when applying the positive pulse voltage. Hence, the resistance
of the device can gradually decrease with the increased pulse
number. In virtue of the gradual reset process in the HfOx/HfO2

homo-bilayer structure, the resistance of the device depends on
the proportion of lament that dissociates under negative pulse
voltage. Therefore, the resistance gradually increases with the
increased pulse number when the negative voltages pulses were
applied on the device, which corresponds to the depression
process.

Conclusions

In summary, the resistive switching characteristics of the HfOx/
HfO2 bilayer heterostructure were investigated, in which the
oxygen content in HfOx layer was modied by varying the Ar/O2

ratios during the deposition process. Stoichiometric ratios of
the HfOx layer were estimated by the XPS analysis. Compared
with other samples, the HfOx layer deposited under Ar/O2 ratio
of 12 : 2 in the HfOx/HfO2 bilayer heterostructure showed the
improved switching performance, which is pretty important to
the nonvolatile application. The nonlinear transmission char-
acteristics of the device were investigated, and the modulation
of conductance is owing to the result of the motion of oxygen
vacancies between oxygen-rich and oxygen-decient layers. In
the simulation process of the biological synapse, multiple
resistance levels of the device were obtained in the continuous
pulse number, which indicates that the Au/HfOx/HfO2/Pt can
dynamically response to the change caused by input signals and
have the basic transmission characteristics of the synapse.
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