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Switching between high resistance states and low resistance states in a resistive random access memory device mainly depends on
the formation and fracture of conductive filaments. However, the randomness of the conductive filament growth and the potential
breakdown of the large voltage in the forming process will lead to unstable resistive switching and memory performance. We
studied the possible natural forming process of conductive filaments for intrinsic defects under the influence of top electrode
material based on the structure of W/HfO,_ /Pt. Such a simple device shows long retention time and great endurance cycles.
The dendritic oxygen vacancy (V) conductive filament model was constructed, and the dynamic V migration under
directional external bias was described according to the characteristic electrical performance. In addition, we also explored the
relationship between the multilevel resistance and the evolution of a dendritic V conductive filament, signifying the potential
application of multilevel storage in the future. Furthermore, a Ag/HfO,_,/Ag selector was fabricated to assemble the memory
device in wire connection which exhibits the potential of eliminating leaky current in the memory array. The connection also

indicates that the fabrication process of the 1SIR structure can be simplified by using the same functional layer.

1. Introduction

With the advent of the big data era, the explosive amount of
information requires researchers to constantly seek for mem-
ory such as high-speed operation, large on/oft ratio, reliable
switching endurance, long high-temperature lifetime, multi-
value storage, and high device yield [1]. Based on these
requirements, researchers worked on developing new storage
and have achieved good results such as phase change
memory (PCM) [2-4], ferroelectric random access memory
(FRAM) [5-7], and flash memory [8-10]. As a candidate
for next-generation memory storage, resistive random access
memory (RRAM) has attracted more and more researchers’
attention because it has the potential to achieve the excellent
storage properties mentioned above [11-13]. Metal oxides of
various properties have been used to study RRAM as mate-
rials because of full compatibility with the standard comple-
mentary metal oxide semiconductor (CMOS) process [14],

such as TaO, [15-17], Zr [18-20], ZnO, [21-23], TiO,
[24-26], and HfO,_, [27, 28]. In these materials, as an excel-
lent storage medium, HfO, . has been the research focus.
Complying with the CMOS process of the HfO, ., a film
can be rapidly prepared [29] with less power consumption
and good stability and reliability [30, 31]. HfO,_, also shows
excellent performance in the applications of band width [32]
and resistance range [30]. The retention of the HfO, , system
at high temperature [33] and low temperature [34] has also
been verified. Chand et al. designed a structure of the
Ti/Al,O4/TiO,/TiN device by inserting an AL O, layer
between the Ti top electrode and HfO,_, layer and conduct-
ing high-temperature vacuum annealing and postmetal
annealing treatments for achieving the thermal stability and
reliability [33]. On the other hand, Fang et al. adopted a
Pt/HfO,/TiN structure to stabilize the performance of
RRAM in low temperature [34]. Yoon et al. had designed a
Pt/Ta,O./HfO, ,/Ti structure to stabilize the range of
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resistance change in multilevel [30]. However, the reliable
retention and stable multilevel resistance are still worth our
improvement. In order to solve the physical mechanism of
device operation, we need to stabilize low operating voltage
[35], especially the large voltage which could not be reduced
in the forming process the resistive switching [36]. In this
study, we fabricated a W/HfO, /Pt RRAM structure to
investigate the effect of an oxytropic electrode on the distri-
bution of oxygen vacancy (V) in a single layer HfO, . struc-
ture. The device shows great retention and endurance
performance. In the negative sweeping process, the resistance
of the device changes from a low resistance state (LRS) to a
high resistance state (HRS) indicating the intrinsic formation
of V conductive filaments (CFs) from bottom to top. In
addition, the evolution model of V4 CFs is also constructed.
For implementation of large-scale integration on a crossbar
array, we also fabricated a selector with the structure of
Ag/HfO, ,/Ag, showing a decent selectivity in both positive
and negative threshold switching. And we wire-connect the
resistive memory with the selector in series, exhibiting
the potential of alleviating the leaky current and simplify-
ing the fabrication process. On this basis, such realization of
multivalue storage and 1S1R (one selector and one resistive
memory) unit performance provides ideas and suggestions
for future application.

2. Experimental Section

2.1. Device Fabrication. The device was deposited by magne-
tron sputtering on a hot oxide silicon substrate with previ-
ously deposited ~120nm Pt, served as bottom electrode
(BE). During the sputtering process, the cavity vacuum was
kept at 5.0 x 10> Pa. The radio frequency (RF) power supply
was used to sputter the HfO, , ceramic target with the
Ar flow rate of 6.6sccm. After breaking the vacuum,
the ~50nmW top electrode (TE) was sputtered by direct-
current (DC) power supply with the Ar flow rate of 5.5 sccm,
using a mask to form circular TE patterns with a diameter of
500 ym. For the selector fabricated on the SiO,/Si substrate,
both TE and BE were Ag (~80nm) and deposited by DC
sputtering power supply with the Ar flow rate of 5.3 sccm.
The HfO, , was deposited under the same parameters of fab-
ricating HfO,_, of the resistive memory device.

2.2. Device Characterization. The device structure was ana-
lyzed by the X-ray photoelectron spectroscopy (XPS) depth
profiling. In the depth profile process, the sputtering rates
of W and HfO, , were 4.24nm/min and 4.00 nm/min,
respectively. TE was stripped off ~30nm at a large
sputtering rate followed by conducting a lower sputter-
ing rate at ~3.2nm/min. Electrical characterization was
conducted by the semiconductor parameter analyzer
(Agilent B1500).

2.3. Results and Discussion. Figure 1(a) shows the structure of
the W/HfO, /Pt device. The binding force of Pt electrode
and silicon substrate is relatively small. Before sputtering Pt
electrode, in order to enhance the binding force of the film
and the silicon substrate, we first sputter on the silicon

Journal of Nanomaterials

substrate with titanium which has better binding force both
with silicon substrate and Pt electrode. In the sputtering W
electrode, we use a cover plate with a circular hole so that
we can get multiple W/HfO,_, /Pt devices at the same time.
The chemical composition measurement obtained from the
depth profile of the film using XPS is shown in Figure 1(b).
The thicknesses of W and HfO,_, are ~50nm and ~30nm,
respectively. The thickness of the HfO, , function layer is
the focus of our attention. Therefore, when it completely
sputters to the Pt layer, it ends the depth profile process.
Therefore, the relevant information of the Pt layer is not
reflected in Figure 1(b). Since nuclear radiuses of the element
are varying, the energies of O atoms and Hf atoms are differ-
ent; it is not possible to ensure that the ratio of O atoms and
Hf atoms sputtered is exactly 2:1, when the same Ar atoms
are used to sputter HfO,, as shown in Figure 1(b). According
to the XPS results, the ratio of Hf and O is 1.87: 1, i.e., the value
of x in HfO,_, is 0.13. The formation of oxygen vacancy is also
one of the important reasons for the performance of this system.

Because of the absence of oxygen in HfO, ,, we generally
believe that the conductive mechanism of the system is the
directional displacement of oxygen vacancy. Metal W has a
strong affinity for oxygen atoms, which is one of the important
reasons for using the W as the top electrode (TE) material.
At the same time, the Pt as the bottom electrode (BE) has
the less binding force with oxygen atom than W metal. The
oxygen vacancies are much easier to be orientated or aligned
spontaneously than that in other system. Thus, the natural oxy-
gen vacancy conductive filaments (CFs) exist in the HfO, _ film
which results in the initial low resistant state (LRS).

The resistive switching (RS) characteristic of the
W/HfO,_ /Pt structure is shown in Figure 2(a). Each
cycle starts with a negative voltage, sweeps back to the posi-
tive, and finally goes back to zero, ie, 0V—-35V—
0V—3.5V—-0V. It should be noticed that the V’s can
accumulate spontaneously and form CFs with different con-
nection strengths in the device. That means that the device
can be switched by relatively low negative sweeping voltage
rather than traditional large forming voltage to realize a
forming-free process, and we can also modulate the ending
voltage value appropriately during the negative sweeping pro-
cess to prevent the device from failure effectively. In the
endurance test, the set pulse is programed at 4 V/50 us followed
by read pulse 0.2V/300us. The reset pulse is programed
at -3.5V/50us followed by the same read pulse. As
shown in Figure 2(b), the on-off ratio of endurance can still
be divided clearly after 10° cycles. A decent retention is demon-
strated in Figure 2(c). At the reading voltage of 0.2 V, the LRS
and the high resistance state (HRS) can be maintained for
more than 10° s with a little shrinking on-off ratio at room tem-
perature (RT). This may be due to the absorption of oxygen
atoms by the device during testing in the atmosphere. Both
endurance and retention performances exhibit the robust
potential application of our device. Figure 2(d) shows sta-
tistical results of the SET voltages in a 100DC cycling
sweep process. In the wider range (1.38V to 2.85V), the
mode of the switching voltage is 2.3V which still belongs
to the SET voltages.
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FI1GURE 1: The structure and X-ray photoelectron spectroscopy (XPS) atomic percent of the device: (a) the structure of the W/H{O, /Pt
device and (b) the chemical composition measurement obtained from the depth profile of the film using XPS.

It is noticeable that the step-shape-like change of the con-
ductance appears during both positive and negative sweep
processes, implying the potential of adjustable multilevel
storage. We believe that this resistance change is related to
the multiple formation and fracture of CFs in the HfO,
functional layer. Next, the conductive mechanism of the
W/HfO,_, /Pt device is demonstrated in Figure 3. As shown
in Figure 3(a), before the negative voltage is applied to the
device, the LRS is spontaneously generated with the end of
the device sputtering. Because metal W has a stronger bind-
ing force with oxygen than Pt, more oxygen vacancies will
be accumulated at the BE. The result is that the concentration
of oxygen vacancies near BE is greater than the oxygen
vacancy concentration near TE. The concentration gradient
of oxygen vacancy assists the formation of V, CFs in the
HfO, , functional layer. According to process I in
Figure 2(a), the initial state of the device is in LRS. During
the negative sweeping process, a mentioned step-shape-like
current in the I-V curve at ~—1.5V indicates the potential
of multilevel storage. In addition, the V, CFs are difficult to
grow and be gathered in a regular shape like metal CFs, such
as Ag [37] and Cu [38], due to the intrinsic amorphism in the
as-deposited HfO, film [39]. Moreover, a few of hafnium
oxide nanocrystallines are formed during the deposited pro-
cess due to activated evaporation effects. As a result, dissocia-
tive Vy’s will be distributed separately when they meet and
impact with those few nanocrystallines and thus will connect
each other in deviated directions rather than in just one
direction [40]. In other hafnium oxide-based systems [41,
42], the phase of the nanoscale hafnium oxide film can be
transformed from amorphous to a crystalline state by con-
ducting an external electrical field, resulting in the emerging
of grain boundaries that help distribution of V’s along the
boundaries and interfaces between amorphous and crystal-
line areas to some extent, i.e., the path of V;’s. It is therefore
reasonable that a dendrite-like CF forms between the TE and
the BE, as shown in Figure 3(a). When the negative voltage is

relatively low (~-0.8V), the V’s cannot be activated to
move for the relatively lower external input electrical field.
With the negative voltage increasing, i.e., the input energy
exceeds the activated energy of the V’s, Vs start moving
to TE. Since the size of V5’s and binding strength between
V’s and bottom electrode (BE) are varying, parts of CFs will
rupture under the negative electrical field so that the resis-
tance of the device increases step by step, as shown in
Figure 3(b). When the negative voltage increases further,
the effect of thermochemical reaction on CFs also becomes
more remarkable. Thus, most of the CFs are fused by joule
heat, and the effect of the electrical field also assists that fus-
ing simultaneously, as shown in Figure 3(c). In the process I
of Figure 2(a), the current is approximately linear with the
decrease of negative voltage. It suggests the final structure
or shape of CFs in the HRS is hardly affected by the gradually
decreasing electrical field so that resistance of the device can
still maintain at the HRS. During the positive sweeping pro-
cess with a relatively low voltage value, the V, gradually
migrates to BE, but the CFs have not extended significantly
and connected completely so that the resistance of device still
stays in the HRS, as shown in Figure 3(d), corresponding to
process III in Figure 2(a). When the electric field force
increases with the increasing of positive voltage, the V’s
migrate and stack to the preformed CF branches with the
assistance of positive electrical field force, as shown in
Figure 3(e). Therefore, the value of resistance decreases
abruptly from HRS to LRS. Unlike Figure 3(a), the generation
of this CFs is due to the effect of the electric field force. In this
case, there should be more oxygen vacancies near the BE than
that on the initial state. The voltage sweeps back from 3.5V
to 0V in process IV in Figure 2(a), which makes more V’s
migrate to BE to offset the effect of partly ruptured CFs, con-
tributing to keeping the shape of CFs in LRS. Such evolution
model of V5 CFs in the functional film is verified by the sub-
sequent modulating negative sweeping voltage value and
positive compliance current (CC) tests.
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FIGURE 2: Electrical properties: (a) the resistive switching (RS) characteristic of the W/HfO, /Pt structure and (b) pulse-tested endurance of
the device. The set pulse is 4 V/50 us followed by read pulse of 0.2 V/300 us, and the reset pulse is —3.5 V/50 us; (c) the retention test result after
set and reset processes at room temperature; (d) statistical results of the SET voltages in the 100 DC cycling sweep process. Read pulse is

0.2 V/300 s.

From the perspective of thermal dynamics of ion migra-
tions, the dendritic CF model is still reasonable. This is
because the migration of V under the electrical field pre-
dominates the conductive performance, which affects the
growth and shape of CFs in great extent [43]. In the high
ion mobility and low redox electrochemical metallization
memristor, cations prefer to move toward the cathode, and
CFs tend to grow from bottom to top for the high ion mobil-
ity. In the low redox process which results in limited supply
of cations, the limited cations will be reduced at the tip of
the existing CFs where the electrical field is enhanced, leading
the formation of branch-shape CFs [44, 45]. In our system,
the existence of a W electrode forms the channel for oxygen
ions [46] and more likely to catch them, resulting in the
inherent local concentration gradient of oxygen vacancy.

So, the oxygen vacancy is much easier to decrease at the peak
of preformed CFs and forms branch-shape CFs.

On the basis of that, we modulated the CC during the
positive sweep process and maximal voltage value during
the negative sweep process, respectively, to verify the exis-
tence of multilevel resistance or multilevel conductance in
our device and the potential of storage application, as shown
in Figures 4(a) and 4(b). The resistance of the device can be
switched from HRS to LRS sharply at the CC of 100 A, while
the resistance of the device goes through a two-step resistive
switching at the CC of 1 mA. Therefore, we believe that this
phenomenon is a reconnection of CFs under the action of
electric field force. At the same time, there is a new dendritic
CF generation in the HfO, . functional layer [47]. Both the
resistance under the CC of 1 mA and the resistance under
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F1GURE 3: The demonstrated mechanism of RS performance change made in the W/HfO,_, /Pt device: (a) a “dendrite” CF is formed between
the TE and the BE, before applying the negative voltage to the device; (b) parts of CF rupture under the negative electrical field; (c) the
remaining CFs are fused by generating joule heat; (d) the oxygen vacancy starts migrating to the bottom electrode, during the positive
sweep process; (e) the oxygen vacancy connects with the preformed CF branches.

the CC of 100 ¢A can be sustained at LRS for a long period of
time of 10°s. Resistances under different CCs have excellent
stability and differentiation. In the same way, under the
action of negative voltage of different sizes, the device also
shows stable multiresistance performance, as shown in
Figure 4(b). Different voltages will reconnect different num-
bers of disconnected CFs. We conduct different ending

values of negative voltage to the device. When the negative
voltage exceeds 3 V, the I-V curve presents the outgoing rela-
tionship. We believe that the device has reached the maxi-
mum resistance when the negative voltage is 3V. Each
resistance of HRS is stable and can be sustained for 10°s
under negative voltages of 2V, 2.5V, and 3V, respectively,
as shown in Figure 4(d). After different negative ending
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FIGURE 4: Electrical properties of the device in different voltages and compliance currents (CCs): (a) I-V curves of CC set at 1 mA and 100 pA,
respectively; (b) I-V curves under different negative ending voltage values; (c) the retention test result after modulating the CC value; (d) the
retention test result after modulating the negative ending voltage value (all retention tests are carried out at room temperature).

voltage sweeping processes, the device shows robust and
fairly stable HRS. The phenomenon of multivalue resistance
in different currents and voltages is one of the important
properties of this device. This performance makes it possible
for RRAM devices to be able to store more information with-
out increasing their volume.

Furthermore, in order to put our device in large-scale
integration like the crossbar array and neuromorphic com-
puting, leaky current from nearby units, which can cause
misreading during the operating period, is desired to be tack-
led [48-50]. A series of measurements, such as one diode and
one resistive memory (1D1R) [48], one transistor and one
resistive memory (1T1R) [49], and 1S1R [50], are designed
to make great efforts on that problem. Unlike 1D1R and

IT1IR whose sizes are relatively large compared with the
resistive switching device, the 1S1R is the most promising
structure for coping with the leaky current efficiently and
compatibly. This is because the selector has higher selectivity
and scalability than a diode or a transistor [50]. More impor-
tantly, the selector is flexible because it can stay at an
extremely large value of resistance at low voltage before being
turned on by large voltage, which can help eliminate leaky
current that is usually low by that large resistance. Therefore,
a decent selector with a structure of Ag/HfO, , (~30nm)/Ag
is fabricated and then connects the W/HfO, /Pt device
in series. Figure 5(a) shows a typical I-V characteristic
of the selector, and an inset demonstrates a vertical
structure of the selector. The voltage is applied in this
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resistive memory (R) with the Ag/HfO, ,/Ag selector (S) in series.

order: 0V—-05V—=0V—--05V—-0V, and both direc-
tions of CC are 100 4A. When the positive voltage begins to
sweep before ~0.4V, the selector can keep stably at a large
HRS. After the voltage sweeps over ~0.4V, i.e., threshold
voltage, it makes the resistance change sharply from HRS to
LRS, i.e., ON-state. While the voltage sweeps back to 0V,
however, the device cannot hold LRS at low voltage ~0.1V,
thus making the device turn off, i.e., OFF-state. The I-V char-
acteristic of the negative sweeping side is nearly the same as
the positive one, and its ON-state voltage and OFF-state volt-
age are ~—0.34 V and ~—0.08 V, respectively. In addition, the
selector also exhibits a large scalability of ~10% and thus, the
operating current can be modulated extensively while that
selector connects with a resistor in series.

The 1SIR structure is connected via an external circuit
rather than depositing and stacking directly, i.e., the selector
and our resistive switching device is fabricated separately and
then assembled in a wire connection. The inset of Figure 5(b)
displays the typical I-V curves of the W/HfO,_, /Pt memory
device. We testified the feasibility of that connection by four
steps, as shown in Figure 5(b). In step 1, the selector turns to
ON-state at ~0.3V, and the memory then switches to LRS
at ~1.5V (blue line). Step 2 proves the fact that memory
has already set to LRS and can keep at that state (magenta
line). During step 3, i.e., the negative sweeping process, the
selector turns on at ~0.4V, and the memory resets gradu-
ally from ~-0.5V to —2.5V (black line). Step 4 verifies the
memory is reset at HRS and can hold that state. This volt-
age sweep response reveals that the selector based on haf-
nium oxide is able to restrain the crosstalk issue in a large
memory array which is also based on hafnium oxide, indi-
cating the simplification of fabricating the 1SI1R device by
using the same functional layer.

3. Conclusions

In summary, we designed the structure of W/HfO, /Pt
RRAM and constructed the dendrite V5 CF model according
to the step-like reset process under negative voltage sweep-
ing. The device shows a negative forming-free process, great

endurance and retention, and reliable multilevel resistance
which can be modulated by controlling negative sweeping
voltage or CC. The long retention of each resistance state ver-
ified dynamics of the dendrite V, CF model. In addition,
IS1IR in a wire connection also demonstrated a great poten-
tial for dealing with leaky current and was able to simplify
the fabrication process of two devices (selector and resistive
memory) due to no need of changing the functional layer.
This W/HfO,_,/Pt system provides a new way and guides
for multivalue storage in the future investigation.
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