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Abstract

A sneak path current—a current passing through a neighboring memory cell—is an inherent and inevitable problem
in a crossbar array consisting of memristor memory cells. This serious problem can be alleviated by serially connecting
the selector device to each memristor cell. Among the various types of selector device concepts, the diffusive selector
has garnered considerable attention because of its excellent performance. This selector features volatile threshold
switching (TS) using the dynamics of active metals such as Ag or Cu, which act as an electrode or dopant in the solid
electrolyte. In this study, a diffusive selector based on Ag-doped HfOx is fabricated using a co-sputtering system. As the
Ag concentration in the HfOx layer varies, different electrical properties and thereby TS characteristics are observed. The
necessity of the electroforming (EF) process for the TS characteristic is determined by the proper Ag concentration in
the HfOx layer. This difference in the EF process can significantly affect the parameters of the TS characteristics.
Therefore, an optimized doping condition is required for a diffusive selector to attain excellent selector device behavior
and avoid an EF process that can eventually degrade device performance.
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Introduction
Resistance switching memory, also known as a memristor,
has been extensively studied for decades as a promising
candidate for next-generation nonvolatile memory. Re-
cently, memristor devices have been applied to artificial
synapses and neurons resembling their switching mechan-
ism based on ion migration for brain-inspired computing
[1–3]. Fast switching speed (< 1 ns), extreme scalability (<
2 nm), fairly good endurance (up to 1011 programming/
erasing cycles), and three-dimensional stacking structure
have been proven thus far in individual memristive sys-
tems [4–6]. In addition, image processing and pattern rec-
ognition can be enabled by building a large crossbar array
(CBA) [1, 3, 7, 8].
However, a CBA structure has an inherent issue in that

a sneak path current through neighboring memristor
memory cells disturbs the write/read operations at the se-
lected or half-selected cell [9–11]. To suppress the sneak
path current and half-select issue, a two-terminal selector
device can be serially connected to each memory cell.
There are many types of selector devices with nonlinear

current–voltage (I-V) characteristics being introduced,
such as Schottky diodes, metal–insulator transitions
(MITs), ovonic threshold switches (OTSs), tunnel barrier
selectors, and diffusive selectors (also termed diffusive
memristors) [9–15]. Among them, a diffusive selector
based on metal species (Ag or Cu) diffusive dynamics in-
side the dielectrics has attracted considerable interest be-
cause of its simple structure and superior performance,
such as its extremely high nonlinearity [14–22]. The diffu-
sive selector features a volatile threshold switch (TS) based
on the formation and self-rupture of metallic filaments.
Various diffusive selector systems and their dynamic prop-
erties have been reported thus far; however, understanding
the underlying operation mechanism remains difficult. In
addition, it is necessary to establish the diffusive metal
species concentration and distribution to achieve excellent
TS performance because these can significantly affect the
electrical conduction and transition properties.
Here, we fabricated a Pt/Ag-doped HfOx/Pt stack as a

diffusive selector, in which Ag and HfOx act as a diffu-
sive metal dopant and dielectric material, respectively.
We examined the electrical properties of the devices at
different doping concentrations to relate the suitable
conditions for the TS characteristic. Electroforming-
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needed (EF-needed) and electroforming-free (EF-free)
TS characteristics were determined by the dopant con-
centration in the diffusive selectors. To explain the dif-
ference in the electroforming (EF) process and the
subsequent TS characteristics, we performed structural
and chemical analyses of the diffusive selector devices.
Our study suggests the effect of dopant concentration
on the TS characteristics of the diffusive selector and
provides a direction to improve its performance.

Methods
Figure 1a shows a co-sputtering system with an Ag and
HfO2 target. We fabricated devices placed at four posi-
tions on the substrate 0.5 cm apart from each other. The
positions were near the HfO2 target in the order of device
1, 2, 3, and 4 (D1, D2, D3, and D4) as shown in Fig. 1a.
The Ag-doped HfOx switching layer of all the devices was
deposited on the Pt/Ti/SiO2/Si substrate via co-sputtering
with a sputtering power of 10W for Ag and 150W for
HfO2, respectively. Before the deposition process, the vac-
uum chamber base pressure was evacuated up to ~ 5 ×
106. The switching layer was deposited for 5 min without
rotating the substrate at room temperature under an Ar
flow of 20 sccm to maintain the Ar plasma. The process
pressure was 10mTorr. Thereafter, the top Pt electrode
was deposited on an as-deposited switching layer using a
shadow mask 200 μm in diameter via e-beam evaporation.
Figure 1 b and c show the cross-sectional image and sche-
matic design of the fabricated device, respectively.
The thickness of the switching layer deposited via co-

sputtering was measured using an ellipsometer (FS-1,
Film-Sense, USA). Rutherford backscattering spectrom-
etry (RBS; 6SDH-2, NEC, USA) and X-ray fluorescence
spectrometry (XRF; ARL, Thermo Fisher Scientific, USA)
were performed to analyze the atomic composition of the

Ag-doped HfOx layer. To evaluate the device electrical
properties, a semiconductor parameter analyzer (SPA;
HP-4155A, Agilent, USA) was used at room temperature.
All the measurements were conducted by applying a bias
to the top electrode while the bottom electrode was
grounded as shown in Fig. 1c. The surface of the devices
was analyzed using a field emission scanning electron
microscope (FE-SEM; JSM-6700F, JEOL, Japan) and an
atomic force microscopy (AFM; XE-100, Park system,
Korea). The cross-sectional samples of the devices were
prepared using a focused ion beam (FIB; Quanta 3D
FEG, FEI, Netherlands) process and were observed
using a high-resolution transmission electron micro-
scope (HR-TEM: JEM-2100F, JEOL, Japan). The chem-
ical composition was analyzed using energy-dispersive
X-ray spectroscopy (EDS).

Results and Discussion
We simultaneously fabricated four Ag-doped HfOx de-
vices for diffusive selectors during a single process. Dur-
ing the deposition process, the substrate was not rotated
to confirm the effect of the doping concentration on the
electrical properties. Table 1 shows the thickness, Ag:Hf
cation ratio, and root mean square (RMS) roughness of
D1, D2, D3, and D4, respectively. The Ag composition
in the switching layer was expressed as a cation ratio
using an amount of Ag and Hf obtained from the XRF
analysis. As shown, each device has a different thickness
and Ag concentration. With an increase in the distance
from the HfO2 target, the switching layer thickness
decreased while the Ag composition in the oxide layer
increased. With increasing Ag concentration, the RMS
roughness values slightly increased (AFM images are
shown in Additional file 1: Figure S1).

Fig. 1 a Schematic diagram of a co-sputtering system. b Cross-sectional TEM image of the fabricated device. c Schematic diagram of the device
with the electrical measurement system
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Direct current (DC)–voltage (I-V) characteristics mea-
sured from all devices are shown in Fig. 2a–d. D1 (35.3
nm, 7% Ag) was initially in a highly insulating state, and
no threshold switching was observed during the DC mea-
surements (Fig. 1a) because of the insufficient Ag concen-
tration to produce a conductive filament despite the thick
switching layer. In contrast, D2 (27.3 nm, 16% Ag) showed
a threshold switching from a high-resistance state (HRS)
to a low-resistance state (LRS) following the electroform-
ing (EF) process in the pristine state to produce an oper-
able device as shown in Fig. 1b. During the EF process,
the current increased from a low level to reach a compli-
ance current (Icc) at the voltage of − 4.3 V. Thereafter, D2
continuously showed TS behavior at a lower operating
voltage than the forming voltage in both bias polarities.
Similarly, D3 (24 nm, 39% Ag) showed a typical bidirec-
tional TS behavior; however, the EF process was not
needed in the pristine state of D3. In other words, D3

presents EF-free TS behavior. In contrast, D4 (18.8 nm, 58
Ag%) was initially in a highly conducting state, probably
because of Ag percolation within the thin HfOx layer
given the high Ag concentration.
Surface morphology and grain size changed with in-

creasing Ag concentration. As previously noted, with in-
creasing Ag concentration, the RMS roughness values
increased as shown in Table 1. The grain size was also
assessed using an SEM (Additional file 1: Figure S2). An
increase in grain size was observed as the Ag concentra-
tion increased. However, in the case of D2 and D3 that
show disparate TS characteristics, the difference in the
surface roughness and grain size was quite small. Never-
theless, there was a considerable difference in their elec-
tric properties in terms of the EF process and following
TS characteristics. Thus, we further compared the TS
characteristics of D2 and D3 as follows.
Figure 3 a and b show the repeatable TS behavior ob-

served in D2 and D3 via DC measurement. For compari-
son, only the TS characteristics at the negative bias are
shown in the figures. Both devices initially showed sev-
eral pA current levels at − 0.1 V under the detection
limit. TS behavior in D2 was evident after the EF process
at a forming voltage of ~ − 3.5 V, while a compliance
current (Icc) of 5 μA was set for the device to prevent a
hard breakdown. Following the EF process, the device

Table 1 Thickness, cation atomic ratio, and roughness of the
fabricated devices

D1 D2 D3 D4

Thickness (nm) 35.3 27.3 24 18.8

Cation ratio (%) 7 16 39 58

RMS roughness (nm) 0.29 1.59 2.15 3.55

Fig. 2 Electrical properties of the fabricated devices. a I-V curve of D1 (highly insulating state). b I-V curve of D2, showing the EF process and
subsequent TS behaviors. c I-V curve of D3, showing TS behavior without the EF process. d I-V curve of D4 (conducting state)
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showed typical TS behavior as shown in Fig. 3a. When
the applied voltage exceeded the threshold voltage (Vth)
of ~ − 1.1 V, the current suddenly reached an Icc of 5 μA;
the device switched to the ON state from the OFF state.
However, the device ON state recovered to the OFF
state as the applied voltage decreased to less than the
hold voltage (Vhold). Although the device returned to the
OFF state, a higher OFF current was observed than that
of the device before EF.
D3 also showed typical TS characteristics as shown

in Fig. 3b. However, the EF process was not required
to induce TS behavior in the device in the pristine
state. The current reached an Icc of 5 μA at a Vth of
~ − 0.8 V, which is the ON state, and then spontan-
eously returned to the initial OFF state at a Vth less
than ~ − 0.2 V. The subsequent D3 I-V loops were
similar to the first I-V loops. Moreover, the device
consistently showed a low OFF current at a low oper-
ating voltage compared with that of D2. Additionally,
the OFF state current density in D3 still remained
less than that of D2; the difference was approximately
105 A/cm2. Consequently, it was confirmed that the
difference in the Ag concentration in the HfOx layer
determined the necessity of the EF process, and in
turn, the TS characteristics dramatically changed.
To realize a one selector–one resistive memory

(1S1R), a selector requires a low OFF current to sup-
press the leakage current and a high ON current cor-
responding to the reset current of the resistive
memory [21, 22]. To fulfill such I-V nonlinear charac-
teristics, we confirmed the nonlinearity (NL) and se-
lectivity (S) of our devices and those of TS selectors
previously reported to evaluate their performance as

selectors [14, 18, 21–23]. Here, we define NL and S
using Eqs. (1) and (2), respectively, as follows:

NL ¼ IV th

I 1
2V th

ð1Þ

S ¼ ION

IOFF
ð2Þ

NL is defined as the ratio of the current at Vth and
one-half of Vth. In the half-bias scheme in the crossbar
array, Vth is applied to the targeting cell while one-half
of Vth is applied to the neighboring half-selected cells.
Therefore, NL is critical to prevent the crossbar array
malfunctioning during the program/read operations. In
contrast, S is the ratio of the current in the ON state
and OFF state at Vth, representing the performance of
the TS-based selector. Both definitions are widely used
for the comparison of selector device performance.
Thus, large NL and S values are required for the 1S1R
operation to effectively suppress the sneak path current.
Various switching parameters including NL and S in

our devices and the TS selectors in the literature are
shown in Table 2. In the case of D2, an increase in the
OFF current causes a significant decrease in NL and S.
In contrast, the D3 OFF current is sufficiently low such
that a greater than 106 NL and S were acquired. How-
ever, D2 and D3 could only show a TS characteristic at
a low Icc (< 10 μA) because TS transitioned to memory
switching at a higher Icc. It is well known that most TS
selector devices using Ag filament are subject to a transi-
tion of nonvolatile memory switching at an Icc greater
than 10–100 μA [23–26]. When Icc is higher than 10–
100 μA, a robust and stable metal filament is formed that

Fig. 3 Comparison of TS characteristics in D2 and D3. a TS behavior with an increased OFF current following the EF process. The inset figure
shows the EF process in an as-deposited device. b TS behavior without the EF process maintaining a low OFF current and high NL
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is difficult to spontaneously rupture compared with the
thin and unstable filament formed at a lower Icc [26, 27].
Therefore, various methods, such as a multilayer struc-
ture (Ag/TaOx/TaOy/TaOx/Ag) and Ag nanodots tem-
plated in the dielectric, have been suggested to obtain
reliable TS characteristics at a higher Icc [21, 22].
To observe the size and distribution of the Ag atoms

within the HfOx layer, HR-TEM and EDS elemental ana-
lyses were performed on D2 and D3. Figure 4 a and b (c
and d) show cross-sectional HR-TEM images of D2
(D3). According to the HR-TEM images, it is likely that
the Ag atomic size is uniformly dispersed into the HfOx

matrix. No distinguishable Ag particles or Ag clusters a
few nanometers in size were observed in both devices. In
addition, the HfOx amorphous phase was confirmed via

a fast Fourier transform (FFT) image as shown in the in-
sets of Fig. 4 b and d. However, Ag signal in the line
profiles indicates Ag presence in the HfOx layer. Thus, it
is concluded that Ag in HfOx would be distributed in
atomic scale. The switching region including the Ag
nanofilament should be investigated; however, the TS
characteristics are volatile such that in situ TEM obser-
vation should be attempted in the future.
We propose the following mechanism for TS behav-

iors in our devices as shown in Fig. 5 a and b. The as-
fabricated Ag-doped HfOx switching layers have uni-
formly distributed Ag atoms in the HfOx. However, it is
expected that there is a relatively long distance between
the Ag atoms because of the low Ag concentration in
D2. Figure 5a shows the EF process from as-fabricated

Table 2 Recent reported selectors using Ag-filament TS including our devices

NL S |Vth|, |Vhold| Max. I (Icc)

D2 (our work) 40 45 1–1.2 V, ~ 0.2 V 10 μA

D3 (our work) 8.2 × 106 4.2 × 106 0.7–0.9 V, ~ 0.2 V 10 μA

Ag/a-Si:H/Pt [23] ~ 106 ~ 106 0.7–0.9 V, 0.4–0.5 V 10 μA

Pd/Ag/HfO2/Ag/Pd [18] ~ 108 ~ 108 0.5 V, 0.1 V 100 μA

Pt/MgO:Ag/Pt [14] ~ 5 × 103 ~ 5 × 103 0.3 V, ~ 0 V 100 μA

Pt:SiOxNy:Ag/Pt [14] ~ 105 ~ 105 0.3 V, ~ 0 V 100 μA

Pt/Ag nanodots/HfO2/Pt [22] ~ 109 ~ 109 ~ 0.25 V, ~ 0.05 V 1 mA

Ag/TaOx/TaOy/TaOx/Ag [21] ~ 1010 ~ 1010 0.1–0.18 V, ~ 0 V 1 mA

Fig. 4 Microstructural and compositional analysis. a TEM cross-sectional image of D2. b Enlarged TEM image of D2. The inset is the
corresponding FFT image. c TEM cross-sectional image of D3. d Enlarged TEM image of D3. The inset is the corresponding FFT image. EDS
elemental line profiles of e D2 and f D3
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D2. When an electric field is applied to the device in
a pristine state, Ag atoms in the HfOx can be oxi-
dized into Ag+ ions and they migrate along the field
direction. The oxidized Ag+ ions are reduced to Ag
atoms again at the other Pt electrode, where an Ag-
conducting filament continuously can grow. Once the
filament is connected between the two electrodes, the
device is switched to an ON state from an OFF state.
During the EF process in D2, larger Ag clusters could
be formed because of the high electric field. It was
found that such a large electric field is sufficient to
form Ag nanoparticles several nanometers in diameter
from the in situ TEM observation in the literature
[14, 15]. After the applied electric field is removed,
Ag in atomic scale diffuse out into the HfOx matrix,
indicating that the device is returned to the OFF
state. However, larger Ag clusters, which cannot suffi-
ciently diffuse out, stay at conductive path. Thus, this
residual Ag clusters lead to a larger OFF current in
subsequent OFF state. In contrast, in the case of as-
fabricated D3 as shown in Fig. 5b, Ag filament is
formed without formation of Ag cluster because D3 is
operated under the low electric field, meaning that
the device can maintain low OFF current. Likewise,
when the applied electric field is removed, the device
is returned to the OFF state because of the spontan-
eous rupture of Ag filament that can be explained by
the Thomson–Gibbs effect of minimizing the inter-
facial energy between a filament and matrix [15, 18,
28]. Consequently, bidirectional TS characteristics can
be attained through repeatable Ag atom/ion diffusive
dynamics.

To explain the difference during the EF process, we
propose the following Eqs. (3) and (4):

D ¼ D0 exp −
Emo

kT

� �
ð3Þ

where D is the diffusivity, D0 is the pre-exponential
factor, Emo is the migration barrier at zero bias, k is
Boltzmann’s constant, and T is the local absolute
temperature. To form the Ag filament within the HfOx

layer, Ag ions must overcome a migration barrier to
move toward the negatively biased electrode. When the
external bias is applied, the electric field can lower the
migration barrier, Em, leading to ion migrations along
the field direction as follows:

Em ¼ Emo−
e∙V bias

Zbox
∙Δz ð4Þ

with an electron charge e, bias voltage Vbias, HfOx layer
thickness Zbox, and Ag hopping distance in the z direction
Δz. Indeed, Ag ions can hop in all directions under zero
bias. However, we considered the hopping along the z dir-
ection in the EF process because the device can be turned
to ON state under the high electric field where Ag ions
dominantly hop along the electric field direction. To esti-
mate the Em, we calculated the Ag hopping distance (Δz)
as 0.67 nm in D2 and 0.45 nm in D3 from our experimen-
tal results of Ag concentration and film thickness. The mi-
gration barrier at zero bias, Emo = 3.02 eV, was used from
the literature [29]. In the first formation of the Ag filament,
~ 1.6MV/cm of electric field was required in D2 and it
lowered the migration barrier by 0.11 eV. In contrast, ~

Fig. 5 Suggested mechanism of TS in an Ag-doped HfOx device. The first Ag filament formation/rupture for TS behavior in a EF-needed (D2) and
b EF-free (D3) devices
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0.4MV/cm of electric field was required for the first
switching in D3 and it lowered the migration barrier by
0.04 eV. Thus, the Ag diffusion is sufficient to form the
Ag filament in D3 despite the lower barrier reduction be-
cause of the short hopping distance and high Ag concen-
tration compared with those of D2. However, because of
the relatively long hopping distance in D2, the larger bar-
rier reduction was needed for sufficient diffusion to form
Ag filament. Once the filament forms, it should be spon-
taneously ruptured by ceasing the voltage; however, the
Ag filament could not entirely diffuse out into their initial
distribution, and thus the hopping distance Δz decreases
from that of the as-fabricated D2. Therefore, this result
led to a reduced electric field (~ 0.4MV/cm) in subse-
quent threshold switching. It should be noted that film
thickness considerably affects the I-V characteristics of the
device. Therefore, we confirmed the EF process in the de-
vices with similar thickness but having a different Ag con-
centration. Likewise, the devices exhibited a transition
from the EF-needed to EF-free characteristics as the in-
crease of Ag concentration. Therefore, it was demon-
strated that Ag concentration essentially affects the EF
process by controlling the effective internal electric field.
That is, modulating the Ag concentration and thus the
hopping distance in the HfOx layer is required for EF-free
TS characteristics with larger NL and S values.

Conclusions
Diffusive selector devices based on Ag-doped HfOx thin
films were fabricated and their TS characteristics were
evaluated. To understand the effect of the Ag concentra-
tion on the electrical properties, devices with different Ag
concentrations were assessed. TS behavior in the devices
can be described by the formation/self-rupture of Ag fila-
ment from atomically dispersed Ag atoms in the HfOx. It
was confirmed that the Ag concentration could affect the
EF process to form such a metallic filament. The device
with a low Ag concentration required a precedent EF
process for TS behavior, while EF-free TS behavior was
proven in the device with a higher Ag concentration. In
addition, the EF-free device showed better TS perform-
ance than that of the EF-needed device in terms of nonlin-
earity and OFF current. Therefore, proper dopant
concentration and distribution control are required to ob-
tain an EF-free diffusive selector device to prevent per-
formance degradation resulting from the EF process.
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