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Resistive random-access memory has attracted tremendous attention and numerous investigations as a
promising next-generation nonvolatile memory device to address the physical limits of flash memory. Par-
ticularly, physically transient resistive switching memory is intensively researched for its degradable and
environmentally friendly characteristics. Zinc oxide (ZnQ), as a low-cost biocompatible and biodegradable
material, has been widely used in the dielectric layer, yet many previous studies on ZnO-based memory
devices show unsatisfactory switching properties. In this work, MoS, quantum dots (QDs) are added
between the W bottom electrode and ZnO insulator by spin coating (W/MoS, QD/ZnO/Ag) to improve
its resistive switching behavior. The modified device exhibits distinctly better properties, including more-
uniform switching parameters (low- and high-resistance states, Ve, Vieset), ultralow threshold voltages,
and steady retention. Moreover, we transfer the device onto polyvinyl alcohol substrate, making it fully
degradable, and it is completely dissolved in phosphate-buffered solution after 40 min. These results indi-
cate that the MoS, QD—optimized transient resistive switching memory shows great potential in green

electronics, implantable biomedical devices, and secure information-storage applications.
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I. INTRODUCTION

In the big-data era, resistive random-access memory
(RRAM) is universally considered as a potential next-
generation memory device, as it not only stores and
processes information but also displays superior perfor-
mance characteristics compared with traditional memris-
tors, including its nonvolatility, nanoscale size, low energy
consumption, and higher endurance [1]. However, with the
rapid growth of consumer electronics use and discarding,
electronic waste has become a major 21st-century issue
that enlarges landfill space and poses environmental threats
[2—4]. Consequently, transient electronic devices like tran-
sient memristors are imminently desired on account of
their biodegradability after a demanded period of opera-
tion, leaving no or minimum impact on the surrounding
environment [5—7]. In addition to being eco-friendly, phys-
ically transient memory devices have a variety of applica-
tions, such as secure information storage that eliminates
data after use and biomedical devices that are implantable
and nontoxic. [8—12].

Among numerous studied semiconductors in the
top electrode (TE)-semiconductor-bottom electrode (BE)
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—structured transient resistive switching (RS) memory
devices, ZnO exhibits strongly competitive properties,
such as low cost, wide band gap of 3.37 eV, outstand-
ing chemical stability, high electron mobility, transparency,
biocompatibility, and biodegradability [13—17]. Neverthe-
less, in ZnO-based RS memory devices, often zinc inter-
stitial and oxygen vacancy defects are formed in the
fabricated ZnO thin film, and these defects may lead to
poor switching behavior [18]. In an effort to enhance the
RS properties of ZnO-based memristors, many attempts
have been made, including stacking multiple metal elec-
trodes, embedding different metal oxides, doping various
elements, and manipulating growth deposition; however,
nearly all past research results show a large set voltage
of >1V, a reset voltage of <—0.5 V, and poor endurance
of 20100 cycles [18-27]. Moreover, quantum dots (QDs)
can regulate the growth of conductive filaments by modify-
ing the surrounding electric field, resulting in a reinforced
resistive switching performance; nevertheless, a conve-
nient and efficient refinement method of doping MoS, QDs
in a transient ZnO RS device has rarely been researched or
reported.

In our work, MoS, QDs, a bioavailable, biocompati-
ble, and biodegradable nanomaterial that possesses unique
structural and physical features [28], are spin coated on

© 2022 American Physical Society
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TABLE 1. Comparison of our Ag/MoS,; QD/ZnO/W device and other ZnO-based RRAM.

No Structure Veet (V) Vieset (V) Endurance (cycles) On:off ratio (times) Ref.
1 Ag/MoS, QD/ZnO/W (our device) 0.12 —0.25 >200 >102

2 Ag/ZnO/Pt 0.8 —-0.4 40 102 [29]
3 Cu/ZnO/ITO 2.6 0.6 300 >20 [30]
4 Pt/ZnO/Pt 1.5 0.5 200 58 [31]
5 Cu/ZnO/Pt 1.5 —0.5 100 >102 [32]
6 Ag/GZ0/ZnO/Pt 0.4 —0.55 40 10° [33]
7 Pt/Zn0O/Zr0O, /Pt 3 —4 100 5 [34]
8 Pt/(ZnO/Ti/Zn0),_4/ITO 2 -2.5 320 10° [35]
9 Pt/Ga,03/Zn0O/Pt 1.7 —-14 20 10? [36]
10 Ag/Ce0,/ZnO/NSTO 2 -5 100 540 [37]
11 Pt/ZnO/Ag, ,-Alos/Al 2 0.3 200 >102 [38]
12 Pt/TiO,/ZnO/n*-Si 2 0.5 >50 >102 [39]
13 Pt/Mn : ZnO/Si 20 -20 4500 10° [40]
14 Al/ZnO : Cu/Pt 2 0.5 450 470 [41]
15 Cu/ZnO : Mn/Pt 1.2 —0.6 65 10° [42]
16 Pt/Co : ZnO/Pt 1.5 -1 300 10? [22]

a W BE. Thus, we fabricate a RS memory device with
the simple construction of W/MoS, QD/ZnO/Ag. This
device demonstrates particularly remarkable RS proper-
ties, with Vi as low as 0.12 'V, Vit of —0.25 V, good
endurance of more than 200 cycles, robust retention of
10* s, and an on:off ratio of >10%. Our device possesses
threshold voltages more than 2 times lower and endurance
more than 2 times better than those published in the liter-
ature (a comparison of our device and other ZnO-based
RRAM is shown in Table I). More significantly, com-
pared with the W/ZnO/Ag device we make, it manifests
evidently lower threshold voltages and distinctly more
uniformly distributed RS parameters [Vsei, Vieset, high-
resistance state (HRS), and low-resistance state (LRS)];
therefore, we obtain a superior RS memory device with
reduced energy consumption and reinforced stability and
reliability. In addition, a RS conduction-mechanism model
is established to illustrate how resistive switching works
and how MoS, QDs regulate RS behavior. It is found that
MoS, QDs distort the electric field near the W bottom
electrode; as a consequence, the conductive metal fila-
ments, the formation and rupture of which are responsible
for resistive switching, tend to grow from the MoS, QDs,
decreasing the randomness of the memory device [40,43—
45]. After transferring the device onto soluble polyvinyl
alcohol (PVA) substrate, a totally degradable memristor is
achieved; its electrical measurements indicate no marked
change. We verify the transient characteristic by immers-
ing it in phosphate-buffered solution (PBS), and it can be
completely dissolved at room temperature after 40 min.

II. FABRICATION AND METHODS

Two types of memristors were fabricated for
comparison in an effort to analyze the effects of MoS,

quantum dots: W/ZnO/Ag and W/MoS, QD/ZnO/Ag.
The W/MoS, QD/ZnO/Ag device is prepared as follows.
First, a 100-nm W thin film is deposited on a silicon sub-
strate under an Ar pressure of 0.53 Pa with direct-current
(dc) magnetron sputtering. MoS; quantum dots are spin
coated on the W bottom electrode at a speed of 4000 rpm
for 40 s. Then a 57-nm ZnO switching layer is deposited
under an Ar pressure of 0.86 Pa with radio-frequency
(rf) sputtering. Finally, a 20-nm Ag top electrode layer is
deposited with a mask template under an Ar pressure of
0.55 Pa with dc sputtering. A schematic of this device is
illustrated in Fig. 1(a). Furthermore, to prepare the PVA
substrate, we dissolve 15 wt% PVA powder (molecular
weight approximately 31000, 87%-90% hydrolyzed) in
deionized water and stir the solution at 70 °C for 12 h, after
which time it is drop cast in a culture dish and dried at
90 °C for 24 h. Then the fabricated device is transferred
onto PVA substrate with thermal release tape. Thus, a fully
degradable memory device is completed.

Electrical characteristics measurements are carried out
with a Keithley 4200 SCS parameter analyzer in a Lake
Shore Cryotronics TTPX probe station, and voltage cycles
of 0>2—0— —2— 0V are applied to the TE; the BE
is earthed. Scanning electron microscopy (SEM) testing
reveals the cross-section image of the device and a sand-
wich structure of W(100 nm)/ZnO(57 nm)/Ag(20 nm) is
clearly detected [Fig. 1(b)]. Notably, due to the 4-5-nm
scale of QDs, they are not prominent in SEM cross-section
scanning. Atomic force microscopy (AFM) is used to
examine the surface morphology of MoS; QDs. Figure
1(c) showcases the AFM image of the W bottom electrode
with MoS, QDs, and Fig. 1(d) is the AFM scanning result
along the line in Fig. 1(c). The height of QDs is about
4 nm, and the distribution density is about 15 dots/um?.
Transmission electron microscopy (TEM) is performed to
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FIG. 1. (a) Schematic diagram
of the structure of W/MoS,
QD/Zn0O/Ag device. (b) Cross-
section SEM image of the device.
(c) AFM image of MoS, QDs
spin coated on the W bottom elec-
trode. (d) AFM scanning result
along the straight line in (c). (e)
TEM image of MoS, QDs. (f)
TEM image of MoS, QDs on a
smaller scale. Inset is the parti-
cle diameter distribution of MoS,
QDs.

(c)

\S]

o
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analyze the lateral particle size of MoS, QDs. Figures 1(¢)
and 1(f) are the TEM images of MoS, QDs at different
scales and the distribution of granule diameters. We can
observe that the grain diameter of MoS, QDs is around
8 nm. With a transverse diameter of 8 nm and a longitu-
dinal height of 4 nm, the MoS, QD takes a hemispherical
shape on the bottom electrode.

ITI. RESULTS AND DISCUSSION

A series of electrical measurements are performed to
reveal the properties of the devices. Figures 2(a) and 2(b)

100

1
200

Distance (nm)

demonstrate the switching behaviors of W/ZnO/Ag and
W/MoS; QD/Zn0O/Ag devices. Both devices exhibit non-
volatile bipolar resistive switching behavior without a
forming process. First, a positive sweeping voltage of 0
to 2 V with a compliance current of 1 mA is applied
to the device, and it switches from a HRS to a LRS,
identified as the set process; then by applying a negative
sweeping voltage of 0 to —2 V, the device switches from
LRS to HRS, known as the reset process. In comparison
with W/ZnO/Ag, W/MoS, QD/ZnO/Ag displays dis-
tinctly better uniformity, with an ultralow set voltage (V)
ranging from 0.12 to 0.24 V and a reset voltage (Vreset)
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ranging from —0.25 to —0.4 V, whereas the set voltage of
the device without MoS, QDs ranges from 0.5 to 1.1 V
and its reset voltage is distributed in the range of —0.65
to —1.52 V. The modified device demonstrates a more
than 4 times lower set voltage and a more than 2 times
lower reset voltage, which substantially reduces energy
consumption and simplifies peripheral circuits. Figure 2(c)
showecases the statistical cumulative probability of switch-
ing voltages of the two devices for 50 sweeping cycles. It
visually confirms that threshold voltages of the device with
QDs are more centralized around a smaller value, while
those of the device without QDs vary over a large scale.
As illustrated in Fig. 2(d), the resistance-state distribution
of the QD-doped device also exhibits higher uniformity
with only slight fluctuations. Its LRS is distributed between

180 and 200 €2, and the HRS is located between 2.7 x 10*
and 3 x 10* Q in contrast, the LRS of the device with-
out QDs fluctuates in the range of 200 to 540 €2, and the
HRS fluctuates from 2.5 x 10* to 3.8 x 10* Q. Figure 2(e)
depicts a comparison of endurance performance between
the two tested devices for 200 cycles. It is notable that,
besides enhanced resistance stability from cycle to cycle,
the device with MoS, QDs has a larger on:off ratio of
>10? because of its lower LRS compared with the device
without QDs, which offers an enlarged memory window
for preferable data-storage capacity. Moreover, the opti-
mized device is able to endure voltage sweeps of more
than 200 cycles without experiencing any marked degrada-
tion, indicating its excellent reliability. Retention is another
significant indicator in evaluating the performance of
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memory devices. Figure 2(f) illustrates the retention char-
acteristics of the two devices measured with a read voltage
of 0.1 V. The modified device demonstrates nonvolatil-
ity and robust retention with no evident variation for as
long as 10* s, whereas the device without QDs experi-
ences upward fluctuations as time increases, especially in
its LRS. These results reveal that the device with MoS,
QDs presents lower switching voltages and superb stability
and reliability, making it suitable for nonvolatile memory
applications.

To explore the conduction mechanism of the W/MoS,
QD/ZnO/Ag RS memory device, double-logarithmic
plots of I-V curves in the HRS and LRS are redrawn,
and their corresponding linear fittings are also analyzed.
Figures 3(a)-3(f) demonstrate double-logarithmic plots of
I-V curves from three different devices, and we can con-
clude that there are two linear sections in the HRS: the
first region of HRS shows a consistent linear relationship
between / and V, with a slope of about one, and the sec-
ond region displays a linear relationship with a slope of
about two; these slopes agree well with the ohmic law
and space-charge-limited current (SCLC) model (/och?),
respectively. As for the LRS, the double-logarithmic /-V
curves manifest a consistent linear relationship between /
and V. The slopes of linear fitting lines are approximately
one, which indicates that the LRS is dominated by ohmic
conduction and conductive channels form in the ZnO layer.

The conduction mechanism of RS devices structured
as inert metal electrode-oxide-active metal electrode has
been comprehensively studied over the years. It is widely
acknowledged that the conductive channels responsible for
the LRS are conductive metal filaments, and their forma-
tion and rupture result in the resistive switching behav-
ior [19,26,44,46]. In our experiments, a contrast device
structured as W/ZnO/W is fabricated to investigate the
conductive channels. No resistive switching behavior is
detected in our electrical tests on this device, and its /-V
curve with a positive voltage sweep of 0—10 V is illus-
trated in Fig. 3(c), verifying that Ag conductive filaments
account for RS behavior in our memristors. Combined with
the theory of metal redox reactions, we plot a schematic
diagram of the RS process to explain the underlying mech-
anism, shown in Figs. 4(a)—4(d). First, a positive voltage is
applied to the top electrode and Ag easily oxides into Ag™*
(Ag — Agt+e™) at the Ag/ZnO interface, as is shown
in Fig. 4(a). These Ag™ ions migrate towards the cathode
in the ZnO layer under the influence of an electric field
and eventually reach the cathode. Then through a reduc-
tion reaction with electrons produced by the cathode, Ag™
ions are converted back into Ag atoms (Ag+e~—Ag),
as depicted in Fig. 4(b). Finally, as Fig. 4(c) illustrates,
with the gradual accumulation of Ag atoms on the BE,
a metal filament bridge is constructed between two elec-
trodes. The formation of a highly conductive Ag filament
bridge causes the device to switch from the HRS to the

LRS. As for the reset process, after a negative voltage
is applied to the TE, conductive metal filaments rupture
under the effect of a reverse electric field coupled with
Joule heating, as plotted in Fig. 4(d), and it results in the
device transforming back to the HRS.

To further interpret how MoS; QDs regulate RS behav-
ior in our device, a formation model of Ag conductive
filaments during the set process is established, which is
displayed in Figs. 4(e) and 4(f). MoS; QDs regulate Ag
conductive filament growth by altering the electric field
distribution. The intensity of the electric field around QDs
is distinctly higher than that in other regions. On the basis
of our AFM and TEM results [Figs. 1(c) and 1(f)], we sim-
ulate the electric field distribution around a MoS; quantum
dot with MATLAB, as demonstrated in Fig. 4(g). The QD
is a hemisphere on the BE and a semicircle in two dimen-
sions. The simulated voltage is 0—1 V. For the device with-
out QDs, the electric field is distributed homogeneously in
the ZnO layer; however, the electric field becomes inho-
mogeneous with QDs, and we find that equipotential lines
converge around the QD, indicating that the QD signifi-
cantly enhances its surrounding electric field. On account
of the enhanced localized electric field, Ag™ cations tend to
cluster around QDs and once the Ag nucleus takes shape,
it obtains an extremely high electrochemical deposition
rate of Ag atoms, owing to an even stronger electric field
[47—-49]. To elaborate on this, combining the Arrhenius
equation with transition-state theory, the mechanism rate
is expressed as [50]

[' = v exp(—E4/kT), (M

in which v is a fixed vibration factor, £, is the activa-
tion energy, k is the Boltzmann constant, and T is the
temperature. £ is regulable by the local electric field [51]:

gdeiocal AE

] (2)

E,=E,—
4=Ey4 > )

where E', is the modified activation energy, ¢ is the particle
charge, d is the distance, €y, is the local electric field, and
AE is the energy gap. The probability of state transition, P,
during time ¢ is [51]

P=1—exp(—T. 3)

From above, we can deduce that a higher €jo, leads to
a lower E’; a higher I'; and, consequently, a higher P,
meaning that a higher localized electric field decreases the
activation energy needed and increases the state-transition
probability.

Thus, Ag atoms gradually accumulate to reach the TE,
forming a conductive filament specifically on the QD, as
illustrated in Fig. 4(f). On the contrary, shown in Fig. 4(e),
unguided Ag atoms are deposited randomly on the BE,
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and Ag filaments grow to have various shapes due to the
irregular migration of Ag' ions. Hence, in the device
without QDs, different numbers and shapes of conductive
filaments form during voltage-sweeping cycles, leading
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FIG. 3. Double-logarithmic

plots of /- curves in HRS and
LRS from different devices and
their linear fittings. (a) HRS and
(b) LRS from device 1. (c) HRS
and (d) LRS from device 2. (e)
HRS and (f) LRS from device

3. (g) I-V curve of W/ZnO/W
device.

to a scattered distribution of switching parameters (LRS,
HRS, Viet, Vieset) [48]. Notably, multistep set and reset
processes are commonly observed in the RS behavior
of the device without QDs [Fig. 2(a)], mainly because
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FIG. 4. Schematic diagram of
RS mechanism in our memory
devices: (a) Oxidation of Ag to
ve Ag' at Ag/ZnO interface. (b)
oy Migration of Ag™ ions and reduc-

tion reaction at the bottom elec-
— trode. (c) Formation of Ag con-
ductive filament. (d) Rupture of
Ag conductive filament under a
reverse voltage. (e) Schematic
diagram of Ag filament growth
in device without MoS, QDs. (f)
Schematic diagram of Ag filament
growth in device with MoS; QDs.

| (g) Electric field simulation with
MATLAB in ZnO layer from 0 to
1 V around a MoS, quantum dot
and equipotential lines are also
illustrated.

(9) Electric field simulation

8 nm

ruleless intrinsic zinc-interstitial and oxygen-vacancy
defects are created during ZnO sputtering [52]. How-
ever, with the guidance of MoS, QDs, multistep set and
reset processes are eliminated [Fig. 2(b)] and the previ-
ously poor switching quality is improved. Additionally,
the retention characteristic is fundamentally dominated by
surface diffusion of conductive atoms [53]. After the volt-
age is removed from the device, the diffusion rate of Ag
atoms is superlow at room temperature, contributing to
a long and steady resistance retention. Consequently, by
modifying an adjacent electric field, MoS, QDs control
the growth of Ag conductive filaments, generating more
ordered and stabilized conductive paths in the W/MoS,
QD/ZnO/Ag device. These paths lead to ultralow

0.6
0.4

0.2
0.0

switching voltages, lower LRS, and more uniformly
distributed switching parameters from cycle to
cycle.

Additionally, after transferring the W/MoS, QD/Zn0O/
Ag device onto the PVA substrate that we prepare, we
obtain a fully transient memory device, as shown in
Fig. 5(b). In terms of switching voltages, /-V curves, and
uniformity, its electrical properties [Fig. 5(a)] demonstrate
no marked difference from the original device on silicon
substrate. We immerse the device in PBS (pH=7.4) to
investigate its transient characteristics. Figures 5(b)-5(f)
are the dissolution images of the device soaked in PBS
at room temperature after 1, 5, 10, 20, and 40 min.
The resistive switching part completely dissolves in only
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< PVA substrate. (b) Device trans-
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o Image of the device immersed in
5 PBS at room temperature after
O Lot 1 min, (d) 5 min, (¢) 10 min, (f)
20 min, and (g) 40 min.
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10 min and, after 40 min, the PVA substrate is also fully
dissolved in PBS. Specifically, the hydrolysis of W is based
on the reaction 2W + 2H,0 + 30, — 2H, WOy, and the
hydrolysis of ZnO occurs through the reaction ZnO +
H,0 — Zn** + 20H", turning into much more diffluent
substances [54,55]. The nanoscale Ag top electrode and
MoS, QDs are also proven to be degradable in water
[28,56]. The MoS; quantum dot is a transition-metal-
dichalcogenide nanomaterial that is nontoxic, biocompati-
ble, and environmentally friendly, the nontoxicity of which
has been studied and demonstrated by many research
groups [57,58]. Ag nanoparticles of lower concentration
are nontoxic, while higher concentrations of Ag nanopar-
ticles and Ag" can trigger serious environmental issues
[59-61]. Nevertheless, Ag nanoparticles can be recov-
ered and recycled from solutions, which largely relieves
the environmental stress and facilitates sustainability
[62,63]. Therefore, the rapid dissolution property and

environmental friendliness make our device appropriate
for physically transient electronics applications.

IV. CONCLUSION

We propose a fully transient MoS, QD—doped resis-
tive switching memory device on PVA substrate. MoS;
QDs enable Ag conductive filaments to grow in a
controlled manner by modifying the surrounding elec-
tric field. Compared with the device without QDs, the
optimized device displays more centralized RS parameters,
including resistance states and threshold voltages, ultralow
set and reset voltages, and more stable retention. Addi-
tionally, the device on PVA substrate is fully dissolved in
PBS after 40 min at room temperature. This easily fabri-
cated RS device showcases high performance; low power
consumption; and, thus, tremendous potential in physically
transient RS memory application.
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