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Direct Observation of Conversion Between Threshold
Switching and Memory Switching Induced by Conductive

Filament Morphology

Haitao Sun, Qi Liu,* Congfei Li, Shibing Long, Hangbing Lv, Chong Bi, Zongliang Huo,

Ling Li, and Ming Liu*

Volatile threshold switching (TS) and non-volatile memory switching (MS)

are two typical resistive switching (RS) phenomena in oxides, which could
form the basis for memory, analog circuits, and neuromorphic applications.
Interestingly, TS and MS can be coexistent and converted in a single device
under the suitable external excitation. However, the origin of the transition
from TS to MS is still unclear due to the lack of direct experimental evidence.
Here, conversion between TS and MS induced by conductive filament (CF)
morphology in Ag/SiO,/Pt device is directly observed using scanning electron
microscopy and high-resolution transmission electron microscopy. The MS
mechanism is related to the formation and dissolution of CF consisting of
continuous Ag nanocrystals. The TS originates from discontinuous CF with
isolated Ag nanocrystals. The results of current-voltage fitting and Kelvin
probe force microscopy further indicate that the TS mechanism is related to
the modulation of the tunneling barrier between Ag nanocrystals in CF. This
work provides clearly experimental evidence to deepen understanding of the
mechanism for RS in oxide-electrolyte-based resistive switching memory,
contributing to better control of the two RS behaviors to establish high-perfor-

Although the kinetics of CF formation/
dissolution is still unclear, it is widely
accepted that the CF formation/dissolu-
tion is strongly related to the electromigra-
tion and electrochemical reaction of anion
(i.e., oxygen vacancy)!’*1% or cation (i.e.,
Cu2+, Ag+ or Ni2+)_[17—22]

Generally, RS behavior can be classi-
fied as two modes: nonvolatile memory
switching (MS) and volatile threshold
switching (TS). In the MS mode, both
LRS and HRS can be maintained after
removing the external voltage, while the
LRS in the TS mode will be back to the
HRS once the applied voltage is smaller
than a critical value.l”>* To avoid confu-
sion with MS, the LRS and HRS in TS are
renamed as “TS ON-state” and “TS OFF-
state” in this article. The MS device can be
used for the non-volatile data storagel'~!
while TS device can be as a selector in

mance emerging devices.

1. Introduction

Resistive switching (RS) phenomenon induced by redox in
oxide electrolyte provides attractive prospects for resistive
random access memory (RRAM), analog circuits and other
neuromorphic applications.'>! Due to simple structure, high
speed, low power and excellent scalability, the redox-based
RRAM is very suitable for 3D ultrahigh density storage.®!2
Under external electrical stimulations, the resistance of the
RRAM cell can be switched between high resistive state (HRS)
and low resistive state (LRS) due to the formation/dissolution
of conductive filament (CF) inside the insulator layer.'3-22
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series with memory cell to suppress

crosstalk effect in the crossbar array.[26-3

Recently, some groups reported that TS
and MS can coexist and mutually transform in a single device
at suitable external excitation.[3-28] Several models have been
proposed to explain this phenomenon, including CF thermal
instability,?¥] strong electron correlation effect,?l quantum-wire
model,®! interface barrier modulation,?! and space charge
effect.?l However, the underlying mechanism of the phenom-
enon is still unclear, especially lacking of direct evidences to
uncover when and how the two RS modes happen and what is
the internal relationship between them.

Here, we demonstrate that the TS and MS modes can be
modulated in the Ag/SiO,/Pt structure by controlling the com-
pliance current (I¢c) in electroforming. We systematically inves-
tigate the morphologies, chemical components, and dynamic
growth of the CF using scanning electron microscope (SEM),
high-resolution transmission electron microscopy (HRTEM)
and electron energy loss spectroscopy (EELS) analysis. The
results confirm that the TS and MS modes correspond to the
CF consisting of isolated and continuous Ag nanocrystals,
respectively. In addition, by Kelvin probe force microscopy
(KPFM) studies, the voltage potential distribution of CF in
the ON- and OFF-state further indicate that the TS mode is
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dominated by the modulation of the tunneling barrier between
discrete Ag nanocrystals.

2. Result and Discussion

Planar structure is often used to study the RS mechanism from
the microscopic view due to easy observation on the change
of CF between two electrodes.?31733 In order to identify the
dynamic process of CF in details and meanwhile ensure the
electroforming operation successfully, an appropriate distance
between Ag and Pt electrodes is needed. Hence, the gaps of
Ag/SiO, /Pt planar device were designed from 100 nm to 2 pm.
The schematic of device structure and typical SEM images of
the device with different gap are illustrated in Figure 1a. The
as-deposited devices are normally in the HRS and their ini-
tial resistances are more than 10!! Q at 0.2 V read voltage. To
trigger repeatable RS behavior in the fresh device, an electro-
forming process with positive voltage on Ag active electrode is
required. TS or MS was observed in the Ag/SiO,/Pt device after
electroforming with low or high I, respectively, as shown in
Figure 1b,c. During electroforming with I-c = 100 nA, the cur-
rent is quite small (below 107! A) with the increase of sweep
voltage and suddenly increases to Ioc at a threshold voltage
(Vi = 20 V). After the electroforming, another voltage sweep
(0V— 20V — 0V) with the same Icc was applied. The ini-
tial current of this sweep is also ultra-low, indicating that the
ON-state after electroforming was not maintained. When
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the voltage sweeps to a certain value (15 V), the current rap-
idly increases to Icc. While when the voltage sweeps back to
a certain value (5 V), the current decreases to the initial low
level, implying a typical TS transition occurs (see the olive line
in inset of Figure 1b). It is worth noting that when a negative
voltage sweep (0 V. — —20 V — 0 V) with same Ioc was applied
on Ag electrode, a TS loop obviously symmetric to the positive
one, as shown by the purple line in inset of Figure 1b. On the
contrary, the device exhibits a MS characteristic when a high I
is applied to complete the electroforming (Figure 1c). After elec-
troforming with Icc = 100 pA, the device switches from HRS to
LRS and the LRS can be maintained for a long time (>10* s at
85 °C, as shown in Supporting Information Figure Sla) after
removing the voltage. Then, the device can be repeatably
switched between LRS and HRS under the alternate negative
RESET and positive SET operations (Figure 1c and Supporting
Information Figure S1b). It is worth noting that the similar
transition from TS to MS mode was also observed in the Ag/
SiO, /Pt vertical device (Supporting Information Figure S2).

To reveal the underlying mechanism of the transition
between TS and MS from the microscopic point of view, the
morphology and chemical composition of the CFs formed in
electroforming with different Ioc were analyzed in Ag/SiO,/
Pt planar structure by SEM and HRTEM. Figure 2a shows that
the gap between the two electrodes is clean in the as-deposited
Ag/SiO,/Pt planar device. The devices respectively exhibit TS
(Figure 2b,c) or MS (Figure 2d) modes after electroforming with
low or high Icc. Corresponding to the TS mode, SEM image
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Figure 1. Device structure and electrical characteristics of the Ag/SiO,/Pt. a) Schematic and SEM images of the planar device with various gap size.
b) Current—voltage characteristics of electroforming process with Icc = 100 nA. The inset is the symmetric TS behavior after low Icc (100 nA) forming.
c) Current—voltage characteristics of electroforming process with Icc = 100 pA. The inset is the MS transition after relatively high Icc (100 pA) forming.
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Figure 2. Morphology and component of CF observed in Ag/SiO,/Pt planar structure after electroforming with various Icc. a) As-prepared fresh device
without any electrical treatment. b—d) Morphologies of the CF with Icc =5 nA, Icc = 100 nA and Icc = 100 pA, respectively. e) Cross-sectional TEM
image along the nanocrystal chain. f) HRTEM images of a single nanoparticle. g) The diffraction pattern extracted by Fourier transform of (f) showing
Ag (111) crystal plane. h) Enlarged TEM images taken from the red rectangular region in (e). i—k) EELS mapping images of Si, O and Ag elements,

respectively, corresponding to the region in (h).

reveals that a CF consisting of some isolated nanoparticles is
formed within the interelectrode region (Figure 2b,c). When
the Icc of electroforming is increased from 5 nA to 100 nA,
the nanocrystal region widens and the space between the nano-
particles decreases (Figure 2b,c). When the I is increased to
100 pA, these nanoparticles will further grow and connect with
each other to form a continuous CF (Figure 2d), resulting in
the MS mode.

Moreover, the microstructure and chemical component of
the CF (nanoparticle chain) were investigated by HRTEM and

Adv. Funct. Mater. 2014, 24, 5679-5686
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EELS. The TEM sample was fabricated along the CF growth
direction by a focused ion beam (FIB). Figure 2e shows the
cross-sectional TEM image of the sample. As shown, the CF
consists of some isolated nanoparticles distributing on the sur-
face of and inside the bulk of SiO, layer. The nanoparticles have
a sphere-like shape with dimensions in the range from several
nanometers to several tens of nanometers. Figure 2f shows a
typical HRTEM image of a single nanoparticle in CF. The clear
lattice fringes and the corresponding fast Fourier transform
(FFT) image (Figure 2g) indicate that the spherical nanoparticle
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is highly crystalline. The measured fringes space is 0.237 nm,
consistent with the (111) plane of face-centered cubic Ag. The
enlarged TEM image of the region marked with red rectangle
in Figure 2e is shown in Figure 2h. The EELS elemental images
of this region are shown in Figures 2i-k, which clearly reveal
a uniform distribution of Si and O in the CF region while Ag
only concentrates in the nanoparticles region. These results
further demonstrate that the CF is indeed composed of Ag
nanocrystals.

To further clarify the dynamic growth of the Ag nanopar-
ticle chain in the Ag/SiO,/Pt planar device, constant voltage
stress (CVS) method was used to trigger the electroforming
process and the SEM images on the different growth states
of the Ag nanoparticle chain were captured at different CVS
time, as shown in Figure 3. Firstly, the gap between elec-
trodes of fresh device is clean, as shown in Figure 3a. After
CVS (30 V, Icc—10 pA) applied on Ag electrode for 10 s, some
Ag nanoparticles are generated near Ag electrode, as shown
in Figure 3b. After 150 s, more Ag nanoparticles are formed
around Ag electrode and the nanoparticle chain extends
towards Pt electrode, as shown in Figure 3c. Finally, a contin-
uous Ag nanoparticle chain is formed and the device current
reaches to the I after CVS for 210 s due to the generation of
more Ag nanoparticles and the further growth leading to their
connection with each other, as shown in Figure 3d. The results
clearly show that the initial Ag nanoparticle chain is firstly
formed near the Ag anode and then gradually extends to the
cathode, followed by the eventual formation of a whole nano-
particle chain between two electrodes. The similar growth pro-
cess of the nanoparticle chain was also observed in other solid
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electrolyte systems.[721:321 Some previous studies reported that
the TS phenomenon occurring in the CF-based RRAM is due
to the spontaneously breaking of the thin CF induced by Joule
heating effect.?*333* However, in our work the SEM images
visually demonstrate that the discrete Ag nanoparticle chain is
originally generated during the electroforming process rather
than developed from the thermal breaking of a continuous thin
CF, indicating that the TS phenomenon in our device is not
dominated by CF thermal instability.

Taking into account the difference of the CF morphology, we
suggest that the MS and TS modes may have different conduc-
tion mechanism in the two resistive states. In the MS mode,
the -V curve in LRS follows a linear Ohmic conduction (Sup-
porting Information Figure S3), indicating that the current
mainly transports through a metallic-like continuous conduc-
tive path.> On the contrary, the I-V curve in HRS shows a
complex nonlinear characteristic (Supporting Information
Figure S3), which may be caused by the conduction mecha-
nisms in typical insulator. The fitting results imply that the MS
is attributed to the formation/dissolution of the CF under SET/
RESET operations. ]

Different to the MS mode, the CF consists of physically iso-
lated Ag nanoparticles in the TS mode, which is a typical multi-
metal-island systems.3**) Figure 4a—c show that the sche-
matic diagram for the cross-section of the Ag/SiO,/Pt planar
structure with a Ag nanoparticle chain, and the corresponding
energy diagram and equivalent circuit. As can be seen from
Figure 2e,f, the space of adjacent Ag nanoparticles in the CF
region ranges from 2 nm to 5 nm. Hence, the gap between
each pair of adjacent Ag nanoparticles of CF can be seen as

210 S

400 nm

00:3:0kV-0 MM X130k SE

Figure 3. SEM images capturing the dynamic CF growth processes in the Ag/SiO,/Pt planar device. a) Fresh device. b—d) After 10's, 150 s and 210 s

under a 30 V constant voltage stress with Icc = 10 pA, respectively.
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Figure 4. Schematic of CF consisting of isolated Ag nanoparticles and the corresponding energy diagram and current-voltage fitting characterization.
a) Schematic cross-section of the Ag/SiO,/Pt planar structure consisting of isolated Ag nanoparticles. b) The energy diagram corresponding to (a).
c) The equivalent circuit model of (a). d) A typical I-V curve of the Ag/SiO,/Pt planar device at TS mode. ,f) The In(//V?) vs.1/V curves replotted from

the turn-on and turn-off regions in (d), respectively.

a tunneling junction and the charge carrier tunnels through
these junctions when applying enough voltage between Ag and
Pt electrodes, which is similar to the multi-metal-island sys-
tems.[36-38] Furthermore, the [-V fitting results further confirm
that the tunneling transport mechanism dominates both turn-
on (device switches from TS OFF-state to ON-state) and turn-
off (device switches from TS ON-state to OFF-state) regions,
as shown in Figure 4d-f. Figure 4d shows a typical -V curve
in TS mode, the turn-on and turn-off regions are marked by
red dashed ellipse. Both turn-on and turn-off regions were
redrawn into In(I/V?) — 1/V scale (Figure 4e,f). A clear linear
relationship with negative slope is obtained in both regions,
consistent with the feature of the tunneling mechanism.l*% It
is worth noting that the similar fitting results are found in the
Ag/SiO, /Pt vertical device, as shown in Supporting Informa-
tion Figure S4. From the equivalent circuit (Figure 4c), the total
resistance (R) of the device is described as R = ¥ R;; = V/I. R;;is
defined as the tunneling resistance of the corresponding tun-
neling junction. As can be seen from Figure 4d, R obviously
decreases when device switches from TS OFF-state to ON-state,
indicating that the effective tunneling barriers of these junc-
tions are reduced.38]

To investigate the tunneling barrier change between TS ON-
state and OFF-state, the potential profile along the nanocrystal
chain was characterized in both states using KPFM. The sche-
matic measurement of the KPFM is shown in the inset of
Figure 5a. After electroforming with 50 nA, the -V curve of a
Ag/SiO,/Pt planar device shows TS characteristic. Simultane-
ously, a clear nanocrystal chain is formed between Ag and Pt
electrodes and its 2D topography by atomic force microscopic

Adv. Funct. Mater. 2014, 24, 5679-5686
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(AFM) measurement is shown in Figure 5b. The grain size of Ag
nanocrystals varies from tens to hundreds of nanometers, and
there are two large-size nanocrystal aggregations occurring in CF.

The electric potential distributions of the TS OFF-state and
ON-state (respectively corresponding to the point a and b of TS
curve in Figure 5a) were tested by KPFM. During KPFM meas-
urement, a positive voltage is applied on the Ag electrode and
the Pt electrode is grounded. For the TS OFF-state, the applied
voltage increases from 0 V to 0.5 V and holds on 0.5 V, while
for the TS ON-state, the voltage decreases from 9 V to 0.5 V
and holds on 0.5 V. When the voltage is kept at 0.5 V, the KPFM
tip scans the selected region and collects the corresponding
potential data to draw the 2D electric potential distributions
(Figures 5¢-5d). The line profiles of potential in TS OFF-state
and ON-state along or away from the Ag nanocrystal chain are
extracted from the 2D potential distribution and redrawn in
Figures 5e,f. To clearly show the discrepancy, the potential data
are normalized in Figures 5e,f. In the TS OFF-state, the poten-
tial drop on SiO, layer is almost linear along the gap between
two electrodes away from the nanocrystal chain (orange line
in Figure 5e). However, in the potential distribution along the
nanocrystal chain at OFF-state (black line in Figure 5e), there
is an obvious potential jump between the two large nanocrystal
aggregations. Different to the OFF-state, the potential drop on
SiO, layer in the TS ON-state is almost the same along and
away nanocrystal chain (Figure 5f). The potential jump between
the nanocrystal aggregations is significantly reduced during the
switching from the TS OFF-state to ON-state, implying that the
resistance of the junction between the nanocrystal aggregation
is greatly reduced. Therefore, the KPFM results confirm that
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Figure 5. AFM and KPFM analysis results of a Ag/SiO,/Pt planar device. a) Schematic of TS curve and the AFM measurement. Point a and b in the
curve represents the TS OFF-state and ON-state of the device, respectively. b) The morphology of a CF between two electrodes. c,d) 2D potential dis-
tribution image in TS OFF-state and ON-state under 0.5 V voltage applied on Ag electrode, respectively. e) The potential distribution in TS OFF-state
along (left black line in (c)) and away from (right orange line in (c)) the nanocrystal chain, respectively. f) The potential distribution in TS ON-state
along (left red line in (d)) and away from (right cyan line in (d)) the nanocrystal chain, respectively. In (e,f), the blue lines are the topography of the

SiO; surface along nanocrystal chain in (b).

the effective tunneling barrier (height and/or width) at TS ON-
state is smaller than that at OFF-state. Based on the [-V fitting
and KPFM results, the tunneling barrier modulation between
discrete Ag nanocrystals should play an important role in the
TS behavior. It is noted that many factors will induce the effec-
tive tunneling barrier modulation in this type of multi-metal-
island system, such as ions migration between metal islands
and/or charge trapping/detrapping in defects.*!l Further study
is needed to identify the origin of the tunneling barrier modula-
tion in the future.

3. Conclusion

In summary, we found that the TS and MS modes coexist in
the Ag/SiO,/Pt device. By increasing the I¢ in electroforming,

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the RS characteristics of the device transform from TS to
MS mode. The SEM images prove that the RS characteris-
tics are determined by the CF morphology. The TS and MS
modes correspond to the CF consisting of isolated and con-
tinuous Ag nanocrystals, respectively. The SEM images of CF
dynamic growth process show that the Ag nanoparticles are
firstly formed near the Ag anode and then gradually grow to
the cathode, which directly prove that the discrete Ag nano-
particle chain is originally generated during electroforming
process rather than evolved from a continuous CF. Further-
more, the [-V fitting and KPFM characterization results imply
that the tunneling barrier modulation between discrete Ag
nanocrystals dominates the TS behavior. In the present work,
the underlying nature of the TS and MS behaviors and the
conversion between them are completely understood from
the microcosmic point of view, which provides a guide to

Adv. Funct. Mater. 2014, 24, 5679-5686
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control the two switching behaviors and to improve the device
performances.

4. Experimental Section

Device Fabrication: For the Ag/SiO,/Pt planar devices, a =100 nm
thick SiO, layer was prepared on the Si substrate through thermal
oxidation. After first photolithography, a =10 nm thick Ti adhesive layer
and =70 nm thick Pt layer were deposited on the SiO, film by e-beam
evaporation. Then, rectangle Pt electrode with area of 50 pm x 5 mm
was released using a lift-off process. Subsequently, Ag electrode patterns
composed of a 100 pm x 100 pm square and a 10 pm x 4 ym rectangle
tip were generated by photolithography. Subsequently, 80-nm-thick Ag
layer was deposited, and finally the Ag electrode was released by lift-off
process. The length of the gap between Ag and Pt electrodes ranges
from =100 nm to 2 pm. For the Ag/SiO,/Pt vertical devices, a =70 nm
thick SiO, film was deposited on a Pt/Ti/SiO,/Si substrate by reactive rf
sputtering, and then a =80 nm Ag film as top electrode was deposited by
e-beam evaporation and patterned using photolithography. The device
area is 100 x 100 pm?.

Characterization: The electrical characterizations were performed
in the atmosphere using semiconductor characterization system
(Keithley_4200SCS). The morphology of CF in the device was detected
using a field-emission scanning electron microscopic (Hitachi $S4800).
The crystalline structure and chemical composition of the CF was
examined by a high-resolution transmission electron microscope (JEOL
JEM2100F). The surface topography and potential was tested using
atomic force microscopic (Bruker, Multimode 8).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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