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ABSTRACT
In this work, a nano-polycrystalline Ag-doped ZnO-based threshold switching (TS) selector via a facile co-sputtering technique is investigated
without using an Ag active metal layer. The effects of the Ag concentration with respect to OFF-state leakage current (Ioff) were studied, and
the results demonstrate that by regulating the Ag doping concentration in the switching layer (SL), an electroforming-free switching with
an Ion/Ioff ratio of ∼108 could be achieved, having an extremely low Ioff value of ∼10−13 A. Furthermore, cycling endurance can also be
improved as the formation of a laterally thick and stable filament does not happen promptly with consequent measurements when there is a
limited amount of Ag in the SL. The selector device performance enhancement is attributed to the doping-based polycrystalline structure that
facilitates enhanced control on filament formation due to the restricted availability and anisotropic diffusion of Ag ions in the polycrystalline
ZnO SL, thereby trimming down the overall stochasticity during metallic filament growth. The present study demonstrates that a doping-
based polycrystalline SL structure can be implemented in a selector device to augment TS characteristics, i.e., device variances and cycling
endurance for adoption in ultra-high density memory applications.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0066311

I. INTRODUCTION

Recent breakthroughs in 3D cross (X)-point architecture arrays
have put them in the spotlight for the studies related to implement-
ing the next-generation high-density non-volatile memory technol-
ogy for futuristic neuromorphic and stand-alone memory appli-
cations.1–4 The 3D X-point structure fulfills the requirements of
extremely high memory density using a simple device structure
and also offers cost benefits in the memory industry owing to
the 3D stacking viability, thereby lessening bit cost per memory

chip.5–8 However, an X-point architecture suffers from an inevitable
issue of the sneak leakage path that is detrimental for its practical
application as it increases overall power consumption and amplifies
the read/write disturbance.8–12 Thus, developing a selector device
that prevents the sneak current for an unselected cell within an
X-point array is required to mitigate this issue. An ideal selec-
tor device should inhibit any leakage current through the un-
selected cells offering high resistance at low bias, while turning
on after crossing certain threshold voltage (Vth), enabling cur-
rent flow for the selected memory cell.13 A lot of selector devices
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have been engineered until now to satisfy the X-point architectural
requirements,8,14,15 but among them, threshold switching (TS) selec-
tors, namely, metal–insulator transition (MIT) selectors,16,17 ovonic
threshold switching (OTS) selectors,18,19 and Ag (or Cu)-based
steep-slope TS selectors,20–24 have garnered much attention. MIT
and OTS selectors, despite having exceptional endurance and reli-
ability, suffer from a big flaw of high Ioff (∼10−7 A), which makes
them unsuitable for next generation high-density memory applica-
tions.8,9,25,26 Ag-based steep-slope TS selectors alternately outshine
all other selector devices due to their exceptional features, such as
extremely low leakage current (<1 pA), high Ion/Ioff ratio (>107),
small subthreshold swing (<10 mV/decade), and high current den-
sity (>1 MA/cm2), yet they have a simple metal–insulator–metal
(MIM) structure.20,22,27–29

The traditional approach of Ag-based TS selector fabrication
involves depositing individual layers of metal oxide and Ag active
reservoir electrode to form a MIM stack where the Ag electrode
provides metal ions to the oxide layer for conductive filament for-
mation once sufficient operational voltage (>Vth) is applied to the
device. However, as this conduction mechanism of metallic fila-
ment formation in an active reservoir electrode-based system has
a stochastic nature, it gives rise to unavoidable intrinsic variabili-
ties.30,31 Hence, parameter variability, e.g., shifts in Vth, and poor
cycling endurance are inherent issues predominantly found in active
reservoir electrode-based TS selectors.32 The majority of the prevail-
ing selector devices have an amorphous switching layer (SL) struc-
ture,33–40 thus commanding isotropic diffusion of Ag ions, incor-
porating randomness. Another undesirable factor in Ag-based TS
selectors is the necessity of the electroforming (EF) process that
requires higher applied voltage than the operating voltage.41 Dur-
ing the EF process, large Ag clusters having several nanometers of
diameter are formed, which do not diffuse out completely from the
conductive path when applied voltage is removed, and these residual
Ag clusters thus lead to high Ioff in the subsequent OFF-state, caus-
ing significant device performance deterioration.21,27,41 TS selectors
suffer from the issue of having non-volatile filament formations at
high ON-currents possibly due to uncatered supply of Ag ions from
the active reservoir electrode to the SL, leading to memory switch-
ing behavior, which is unpreferable for a selector device.42–45 Metal
doping22,41,46,47 is thus one of the methods that has been adopted to
inhibit the active metal ion over-injection, but the understanding of
the operational mechanism per dopant concentration still remains
unclear.

In our previous studies, TS selectors fabricated via the elec-
trochemical deposition (ECD) process have been discussed,22,46,47

but a big drawback of the ECD process is difficulties in film thick-
ness precision and smooth film growth, thereby leading to non-
reproducible results.48–51 In addition, the solution-based ECD pro-
cess is not desirable for executing conventional fabrication processes
in the semiconductor industry. The sputtering method, on con-
trary, is an extensively used thin film deposition method employed
by coating industries due to its capability to deposit large-scale
metal-oxide films, simultaneously offering excellent controllabil-
ity of thickness and doping concentration by simply adjusting the
sputter target power and deposition conditions.52–56 Hence, in this
work, we present a metal-filament type TS selector with a novel
doping-based nano-polycrystalline structure using the RF mag-
netron co-sputtering process. ZnO has been specifically chosen as

the SL in our study because of its workability when doped with
Ag;46 hence, the crystalline ZnO SL with the preferred c-axis (002)
orientation can be conveniently deposited via the RF magnetron
co-sputtering technique.57–59 Doping helps to regulate the influx
of Ag ions during filament growth, while ZnO in its crystalline
phase (wurtzite) allows facile anisotropic diffusion of Ag ions.60,61

Although the literature studies using a multilayer selector structure
to limit active metal ion influx mentioning reliability and endurance
improvements are available,52,62 a selector employing a polycrys-
talline SL has rarely been reported. The presented doping-based
nano-polycrystalline TS selector shows the enhanced TS character-
istics of extremely low Ioff (∼10−13 A), high Ion/Ioff ratio (∼108),
and improved cycling endurance and does not require the EF pro-
cess. The results demonstrate that the doping-based polycrystalline
structure holds the potential to be utilized in selector devices for
ultra-high density memory applications, such as 3D X-point arrays.

II. EXPERIMENTAL
We fabricated Ag-doped nano-polycrystalline ZnO-based

(Pt/Ag-doped ZnO/Pt) TS selector devices by using 250 nm via-hole
structures on a Si wafer. The detailed procedure for 250 nm via-
hole structure fabrication has already been discussed elsewhere.46

A Pt layer was used as the bottom contact electrode. Ag-doped
ZnO served as the SL of the steep-slope TS selector devices and
was deposited using the ATC Orion (by AJA International) sputter
deposition system. The Ag doping-based amorphous ZnO SL was
deposited using the ZnO target (Kurt J. Lesker, 99.9% purity) at a RF
power of ∼150 W and the Ag target (Kurt J. Lesker, 99.9% purity) at
a DC power of ∼27 W at room temperature. The Ag doping-based
polycrystalline ZnO layer was deposited under the same conditions
except for the ZnO target sputtered at ∼250 W. For the evaluation of
Ag concentration effects, the Ag doping-based polycrystalline ZnO
layer was deposited at room temperature by co-sputtering the ZnO
target at a RF power of ∼250 W and the Ag:ZnO (ZnO/Ag 90/10
at. %; SCI Engineered Materials, 99.99% purity) composite target at
varied RF powers (∼50 W–∼150 W). The Ag concentration has been
tuned by adjusting the Ag:ZnO composite target power. The depo-
sition thickness for the SL was ∼30 nm. A 30 nm thick Pt layer
was deposited via an e-beam evaporator (Temescal 1800) using a
shadow mask, which served as the top contact electrode. The sur-
face of fabricated thin films was characterized using x-ray diffraction
(XRD, Rigaku SmartLab), x-ray photoelectron spectroscopy (XPS,
PHI Versa Probe II), and scanning electron microscopy (SEM, Zeiss
Supra 40). The Keithley 4200A-SCS parameter analyzer was used to
evaluate electrical properties.

III. RESULTS AND DISCUSSION
Figure 1(a) shows the schematic process flow for Ag-doped

nano-polycrystalline ZnO-based TS selector device fabrication.
Figures 1(b) and 1(c) show the cross-sectional SEM image of the
TS selector device without the Pt top electrode (TE) and the top
view of selector devices with the TE, respectively. Figures 2(a) and
2(b) show the comparative analysis of the volatile switching char-
acteristics between the selector devices having an amorphous and
a polycrystalline ZnO SL, respectively. For the case of the Ag-doped
amorphous ZnO SL, no TS behavior was observed with the non-ideal

AIP Advances 11, 115213 (2021); doi: 10.1063/5.0066311 11, 115213-2

© Author(s) 2021

https://scitation.org/journal/adv


AIP Advances ARTICLE scitation.org/journal/adv

FIG. 1. (a) Schematic illustration of the
selector device fabrication process flow,
(b) electrical measurement scheme for a
selector device, (c) example I–V curve
of a threshold switching selector show-
ing filament formation and rupturing with
respective voltage sweeps, (d) cross-
sectional SEM image of the Ag-doped
nano-polycrystalline ZnO-based thresh-
old switching selector device, and (e) top
view of the threshold switching selector
devices with the Pt top electrode.

device performance of selectors exhibiting the stuck-OFF state, i.e.,
continuous high resistance state. It is possibly due to Ag acting as an
interstitial dopant in the amorphous SL instead of occupying substi-
tutional sites,63 which results in random walk or isotropic diffusion
of Ag ions, thus making it difficult to form a conductive filament in

FIG. 2. Representative volatile switching characteristics of the selector devices
deposited: (a) amorphously, displaying no threshold switching characteristics, and
(b) polycrystalline, showing threshold switching characteristics (the blue line repre-
sents the first DC cycle); images in the inset show x-ray diffraction (XRD) patterns
showing amorphously doped ZnO and polycrystalline doped ZnO, respectively.
The Ag concentration in both cases is ∼12 at. %.

the amorphous SL on the application of voltage bias. On con-
trary, Ag-doped polycrystalline ZnO-based selector devices showed
EF-free TS characteristics with a tight threshold voltage (Vth)
distribution having Vth standard deviation (SD) of ±0.05 V.
These results are in good agreement with our earlier proposed
hypothesis that crystalline ZnO allows facile anisotropic diffusion of
Ag ions,60,61 thereby reducing the Vth variabilities.52,62 However, the
Ag-doped polycrystalline ZnO-based TS selector devices showed a
high leakage current Ioff value (∼10−9 A), and the presence of strong
(100) and (101) peaks [Fig. 2(b), inset] indicates suppressed crys-
tallinity with no preferred orientation possibly due to the higher
Ag concentration of ∼12 at. %, thereby giving the scope for fur-
ther improving switching characteristics by reducing the Ag doping
concentration in the ZnO SL.

Figures 3(a) and 3(b) demonstrate the physical and chemi-
cal properties of sputtered Ag-doped polycrystalline ZnO thin films
deposited with very low Ag concentrations (∼1–3 at. %). Figure 3(a)
ratifies that all the sputtered ZnO thin films lightly doped with Ag
have a polycrystalline phase with the preferred c-axis (002) orien-
tation, which implies that doped ZnO maintains its wurtzite struc-
ture when slightly doped even without any thermal treatment. Thus,
depositing the ZnO SL with low Ag concentration levels reasonably
enhances the crystallinity of the SL. The lattice parameters for the
Ag-doped ZnO case do not show any significant changes because of
the most stable Ag substitution at the Zn site (AgZn) dopant state
as compared to AgO (Ag substitution at the O site) or Agi (Ag
interstitial), which induces considerable lattice distortions as per the
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FIG. 3. (a) X-ray diffraction (XRD) patterns showing the preferred (002) orientation
and (b) x-ray photoelectron spectroscopy (XPS) spectra of Ag 3d3/2 and Ag 3d5/2
(AgZn) and O 1s of the Ag-doped ZnO films at varying Ag concentrations of ∼1 at.
% (black line), ∼2 at. % (blue line), and ∼3 at. % (red line).

calculations based on the density functional theory (DFT).56

Figure 3(b) shows the XPS analysis performed to confirm the chem-
ical state of doped Ag in the ZnO matrix. In Ag 3d spectra, the
3d5/2 peak is positioned at 368.2 eV for metallic Ag/Agi, whereas the
binding energy for Ag+ in AgZn is positioned 0.5–0.7 eV lower.56,64

The XPS analysis of Ag 3d and O 1s narrow scans shows the domi-
nant AgZn dopant state and thus demonstrates that the ZnO wurtzite
structure has been successfully doped with substitutional Ag at Zn
sites (the XPS spectra of Zn 2p and Ag 3d are shown in Fig. S1–S2).

Figure 4 shows the comparative analysis of volatile switch-
ing characteristics of non-Ag-based, Ag active reservoir electrode-
based, and Ag-doping-based steep-slope TS selectors. Direct current
(DC)–voltage (I–V) sweeps measured for five different types of TS
devices show evident characteristics. No TS behavior was observed
in the non-Ag-based ZnO device that is neither Ag-doped nor con-
tains an Ag active reservoir electrode [Fig. 4(a)]. On the incorpo-
ration of an Ag active reservoir electrode, the selector device starts
exhibiting TS behavior following the EF process in its pristine state
[Fig. 4(b)]. The device current reaches the compliance current (Icc)
at the voltage of 2.72 ± 0.12 V during the EF process (the initial

TABLE I. Summary of Ag-doped polycrystalline ZnO TS selector device parameters
at varied Ag concentrations.

Ag
(∼1 at. %)

Ag
(∼2 at. %)

Ag
(∼3 at. %)

Selectivity (Ion/Ioff) ∼107
∼107

∼108

Ioff (A) ∼10–12
∼10–12

∼10–13

Vth (V) 0.40 0.64 1.18
DC cycling endurance >100 cycles ∼10–15 cycles <10 cycles
Device yield ∼50% ∼30% ∼30%

first voltage sweep), and thereafter, the selector device continuously
showed TS behavior even at a switching voltage lower than the form-
ing voltage. However, the TS selector device shows degraded prop-
erties in terms of high leakage current (Ioff, ∼10−8 A) and significant
Vth variability (0.47 ± 0.33 V). It has been discussed earlier that Ioff
increases after the EF process due to the existence of Ag clusters,41

and Vth variability is observed possibly because the growth of the
metallic filament is a stochastic process (or a random event of mul-
tiple filament occurrence).22,30 On the other hand, Ioff for devices
having an Ag-doped (∼1 at. %) polycrystalline ZnO SL [Fig. 4(c)]
was observed to dramatically subside by ∼104 times as compared to
that for the TS selectors containing an Ag active reservoir electrode.
When the Ag concentration is varied in the polycrystalline ZnO SL
from 1 to 3 at. %, the Ioff value further decreases by a magnitude of
10 [Figs. 4(c)–4(e)]. The underlying phenomenon responsible for
trimming down the Ioff has been discussed in the next paragraph.
Table I summarizes various switching parameters obtained for the
TS selector devices discussed in Figs. 4(c)–4(e). It can be observed
that although increasing the Ag concentration offers an indirect
means to achieve Vth tunability and to lower Ioff, an overall superior
device performance is realized for the lowest Ag concentration of
∼1 at. % considering DC cycling endurance and device yield poten-
tially because of less lattice distortions induced in the ZnO wurtzite
structure by the Ag dopant.

Figures 5(a) and 5(b) show the statistical box chart for the
device-to-device analysis of Vth and Ioff distributions for the var-
ied Ag concentration in Ag-doping-based steep-slope TS selectors.

FIG. 4. Representative volatile switch-
ing characteristics of the fabricated
devices: (a) non-Ag-based (highly insu-
lating state) and (b) Ag active electrode-
based, showing the EF process and
subsequent TS behavior. The volatile
switching characteristics depend on the
Ag concentration: (c) ∼1 at. %, (d) ∼2 at.
%, and (e) ∼3 at. %, showing no EF pro-
cess. The threshold voltages of (c)–(e)
are 0.40, 0.64, and 1.18 V, respectively.
Black arrows indicate the measurement
direction. The SL is undoped for (a) and
(b) and doped with Ag for (c)–(e).
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FIG. 5. Statistical analysis box chart of (a) threshold voltage and (b) leakage cur-
rent, with varying Ag concentrations, showing mean values, standard deviations,
and min/max outliers.

For each Ag concentration case, we tested at least ten devices and
measured a minimum of 10 DC-IV cycles per device. Device-to-
device Vth [Fig. 5(a)] for the infinite Ag amount case, i.e., Ag active
reservoir electrode-based TS devices, displays a Vth SD of ±0.23 V,
whereas for Ag doping-based ZnO TS devices by choosing a lightly
doped selector medium (∼1–3 at. %), Vth SD could be minimized to
±0.07 V. As mentioned earlier, the source of Vth variability in Ag
active reservoir electrode-based TS devices is the stochastic nature
of the metallic filament nucleation process,30,31 whereas the reduc-
tion in Vth variability in the Ag-doping-based steep-slope TS selec-
tor case could be attributed to fewer low resistance paths available
for filament growth,22,65,66 constrained by doping. Interestingly, Vth
(mean) was observed to increase when the Ag concentration was
increased from 1 to 3 at. % for which the thermal energy involved
during filament formation might be responsible, although a thor-
ough investigation on Vth shifting with the increasing Ag concen-
tration is imperative for more clarity. Figure 5(b) shows extremely
high Ioff (∼10 nA) for all the measured Ag active reservoir electrode-
based selector devices. However, for Ag-doping-based steep-slope
TS devices, fewer than 40% of the measured devices show a leakage
current of ∼0.1 nA and 20% devices showed Ioff with a magnitude
of ∼10 pA, while the remaining devices exhibited an Ioff value of
∼1 pA or lower. This is because of the shifting of the Fermi level
toward the valance band edge owing to AgZn that acts as a shal-
low acceptor in the ZnO wurtzite structure, eventually curtailing
Ioff.22,56,67–69 Ultimately, TS selector devices with extremely low leak-
age current (∼10 fA), high Ion/Ioff ratio (∼108), and extremely small
subthreshold swing/switching slope (<1 mV/decade) can be realized.

Based on the DC cycling endurance studies on the Ag
active reservoir electrode-based and Ag-doping-based steep-slope
TS devices, a noteworthy difference in the number of DC cycles
sustained before TS device fails is noticed. Ag active reservoir
electrode-based TS devices show a continuous stuck-ON state (i.e.,
low resistance state) even for less than 10 DC cycles, while for the
Ag doping-based TS devices, more than 100 consecutive DC cycles
(Fig. S3) could be acquired before the device goes into a perma-
nent stuck-ON state. For the Ag active reservoir electrode-based TS
devices, the plausible explanation is because of the unrestrained sup-
ply of Ag ions from the Ag active reservoir electrode, the successive
radial growth of the metallic filament is easier, which leads to later-
ally thick and stable filament formation, thereby leading to a perma-
nent stuck-ON state. However, for the Ag doping-based TS devices,
the radial growth of the metallic filament is subdued by slight doping
of Ag in the polycrystalline ZnO selector medium.

IV. CONCLUSION
In this study, we fabricated a doping-based polycrystalline

metal-filament type TS selector that facilitated enhanced control on
filament formation due to the restricted availability and anisotropic
diffusion of Ag ions in the polycrystalline ZnO SL. TS characteristics
were found to be improved compared to those of the selector devices
with the amorphous ZnO SL. The effects of the Ag concentration
with respect to Ioff were investigated for the Ag doping-based TS
selectors having different Ag concentrations. An impressive 99.99%
reduction in Ioff is observed when Ag is introduced as a dopant in
the polycrystalline ZnO matrix, which is attributed to Ag that serves
as a p-type dopant, thus balancing the intrinsically n-type nature of
ZnO, and lowers down Ioff. In addition, doping the selector medium
eliminates the requirement of the EF process, which otherwise leads
to degraded device performance as evident from Ag active reservoir
electrode-based TS selectors where the EF process is vital. Ioff for Ag
doping-based (∼1 at. %) TS selectors was found to be reduced by an
order of 4 as compared to that of the Ag active reservoir electrode-
based TS selectors. By varying the Ag concentration from 1 to 3 at. %,
Ioff further tends to drop by one order and an Ion/Ioff ratio of ∼108

can be achieved. Moreover, device-to-device Vth distribution for Ag
doping-based TS shows merely a SD of ±0.07 V. The reduced Vth
variability is ascribed to only a few low resistance paths available for
filament growth. It has been demonstrated that with the Ag dop-
ing approach, DC cycling endurance could be augmented as doping
strictly confines the Ag concentration in the ZnO SL, thus impeding
the successive growth of the metallic filament. Additionally, it was
noticed that the doping-based polycrystalline SL could potentially
help in providing a better control over Vth for TS devices. Finally,
our study provides a simple and efficient way to realize excellent TS
behavior by implementing a doping-based polycrystalline structure,
which could pave the way for developing robust 3D X-point and
neuromorphic circuits.

SUPPLEMENTARY MATERIAL

See the supplementary material for the XPS spectra of Zn 2p
and Ag 3d peaks and representative volatile switching I–V charac-
teristics of Ag ∼1 at. % showing >100 DC cycling loops.
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