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long with the development of mi-

croelectronics, research on low-

power, low-cost, and high-density
memory devices is required in order to de-
sign novel portable digital systems. Exten-
sive research has been conducted to find
switches that can replace those made us-
ing conventional Si-based technologies.
lonic and electronic mixed conductor-based
solid electrolyte nonvolatile memories have
attracted a great deal of attention.' 3 Fila-
mentary switching mechanism has widely
been accepted; that is, the switching behav-
ior is attributed to repetitive formation and
breakage of the conductive filament inside
a solid electrolyte. Although some
experiments*~% and theoretical works”
have been performed in an attempt to elu-
cidate the formation mechanism of such
metallic filaments, neither the direct evi-
dence of such pathways nor their forma-
tion details have been provided. Further-
more, it is not clear how a filament grows
microscopically and how the sulfide lattice
responds. Herein, we entirely reproduced
the switching behavior of a Ag/Ag,S/W
sandwich structure inside a high-resolution
transmission electron microscope (HRTEM)
equipped with a scanning tunneling micro-
scope (STM) unit. Through these direct ex-
periments, the chemical composition and
crystal structure of the initial state (i.e.,, the
off-state) and the conducting state (i.e., the
on-state) were carefully analyzed using in-
tandem spatially resolved energy-dispersive
X-ray spectroscopy (EDS) and HRTEM lat-
tice imaging. The conductive nanoscale
pathway was indeed directly imaged under
the atomic resolution (~1.7 A). On the basis
of the observations, a refined switching
model of a Ag,S-based nonvolatile memory
nanodevice was proposed.
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ABSTRACT The switching behaviors of ionic/electronic mixed conductor-based solid electrolyte nonvolatile

memories have been attributed to repetitive formation and breakage of the conductive pathways inside a solid

electrolyte. However, direct evidence of such pathway existences and their formations has never been provided.

Herein, we reproduced the switching behavior of a Ag/Ag,S/W sandwich structure inside a high-resolution

transmission electron microscope equipped with a scanning tunneling microscope unit. The on/off current ratio

of 5 orders of magnitude was documented. The in situ formation and breakage of a nanoscale conductive channel

were ultimately verified in real time and under atomic resolution. We found that a conducting Ag,S argentite

phase and a Ag nanocrystal together formed the ionic and electronic conductive channel. The preferential atomic

sites for Ag nanocrystal growth within the argentite phase were finally clarified.

KEYWORDS: silver sulfide - ionic conductors - high-resolution transmission electron
microscopy - resistance nanoswitch - nonvolatile memory

RESULTS AND DISCUSSION

The basic experiment configuration is
shown in Figure 1a. Note that, during the
experiments, the W tip was grounded, so
that a positive bias sign means that the Ag
electrode is positively biased.

When we continuously swept a bias volt-
age from 0 mV — 200 mV — 0 mV — —300
mV — 0 mV, a very clear bipolar switching
I—=V curve was recorded (Figure 1d). At the
beginning, the current is very low. By
sweeping the bias to positive values, the
conductance suddenly increases at 130 mV,
and the nanodevice transforms to the on-
state. Subsequent sweeping of the bias
back to negative values suddenly decreases
the conductance at —145 mV, and the de-
vice goes into the off-state. As indicated in
the logarithmic scale plot of the positive
bias range (the inset in Figure 1d), the on/
off ratio is larger than 5 orders of magni-
tude. Such conductance switching was re-
peatable, and the on/off states persisted
when the applied bias was lower than the
threshold voltage. During voltage scanning,
the corresponding morphology changes
were noticed in the Ag,S part. When the
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Figure 1. (a) Low-magnification TEM image corresponding
to the initial off-state of a Ag,S-based ionic resistance
nanoswitch. The experimental electrical circuit scheme is
added. Scale bar = 20 nm. (b) Low-magnification TEM im-
age corresponding to the on-state of the device. A newly
grown nanocrystal is seen. Scale bar = 50 nm. (c) Low-
magnification TEM image corresponding to the off-state.
The grown crystal shrank back. Scale bar = 50 nm. (d) Dual
sweep scan /—V curve of this device. Inset: /—V curve (posi-
tive range) in the logarithmic scale. The 5 orders of magni-
tude on/off current change is documented.

current suddenly increased (off-to-on transition), a
piece of some new nanocrystal was seen to grow (Fig-
ure 1b). This crystal kept its shape until the current sud-
denly dropped (on-to-off transition), then it shrank
back immediately (Figure 1c). This morphology change
repeatedly took place in parallel with the on/off switch-
ing cycles (see movie 1 in the Supporting Information).

We then carefully examined the crystal structures
peculiar to different states. For the starting Ag,S (Fig-
ure 2), the EDS analyses showed that the atomic ratio
of Ag to S was close to 2. On the HRTEM images, we
could only find nanocrystals of the nonconducting
acanthite Ag,S phase. Thus, we confirmed that the as-
grown Ag,S was in the semiconducting acanthite phase
(monoclinic structure) having a 1.2 eV band gap.'° Dif-
fusion of Ag cations in this phase is hampered,’®'" so
the device was not initially conductive.

Once we applied a positive bias pulse, we kept the
device in its on-state, and some crystal grew from the
Ag,S base and its tip touched the tungsten tip, form-
ing a triangle-like morphological domain (Figure 3).
First, we carried out the nanoprobe EDS analyses in dif-
ferent regions of this triangular crystal. Its end (close to
the W tip) showed a very high atomic ratio of Ag to S,
which was 11.1. This ratio dropped in the regions far
away from the W tip (Figure 3a,b1—b3), but it was still
larger than 2. This means that this newly grown nano-
crystal is Ag-rich. Then we took HRTEM images from the
particular areas where the EDS spectra were captured.
In the tip area, almost pure Ag single crystal was found.
In the intermediate area, we could find both a Ag single
crystal and the argentite phase Ag,S. The conductivity
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Figure 2. (a) Low-magnification TEM image corresponding
to the initial off-state. Scale bar = 20 nm. (b) EDS spectrum
taken in the framed area in (a). The atomic ratio of Ag to S is
about 2.2. (c) High-magnification TEM image of the framed
area marked in (a). (d1) FFT pattern of the area #1 marked in
(c). Analysis of this FFT pattern implies that the area repre-
sents the acanthite Ag,S phase viewed along the [—101]
zone axis. (d2) FFT pattern of the area #2 marked in (c). Iden-
tification of this FFT pattern shows that the area represents
the acanthite Ag,S phase viewed along the [—211] zone axis.

of silver is 6.3 X 10° 1/Qcm, that of the argentite phase
is about 1.6 X 10% 1/Qcm.’® For the acanthite phase, it
is only 2.5 X 1072 1/Qcm’® at room temperature, that is
6 orders of magnitude lower than for the argentite
phase. It is thus reasonable to conclude that the con-
ducting channel is made of a mixture of silver and the
argentite Ag,S.

Then, a negative bias was applied to the device in or-
der to turn it off. We saw that the regarded crystal
shrank backward. The EDS result indicated that the
atomic ratio of Ag to S became 1.8 in the remaining ma-
terials. Fast Fourier transform (FFT) analysis of the HR-
TEM image showed that it corresponded to the pure
nonconductive acanthite phase (Figure 4).

Silver sulfide is easy to decompose under electron-
beam irradiation. To minimize the irradiation effects,
we used the minimum condenser lens aperture, which
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Figure 3. (a) Low-magnification TEM image corresponding to the on-state of a nanodevice. Scale bar = 50 nm. (b1—b3)
EDS spectra taken in the framed areas #1—#3 in (a). The atomic ratios of Ag to S in these areas are 11.1, 6.3, and 2.0, respec-
tively. (c1) High-magnification TEM image of the area #1 marked in (a). Inset: FFT pattern of this HRTEM image revealing
the pure Ag phase viewed along the [110] zone axis. (c2) High-magnification TEM image of the framed area #2 marked in
(a). (c3) High-magnification TEM image of the framed area #3 in (a). Inset: FFT pattern of this HRTEM image displaying the
pure acanthite phase projected along the [311] zone axis. (d1—d3) FFT patterns of the areas #1—#3 framed in (b2). The iden-
tification shows that area #1 is in the argentite phase, whereas areas #2 and #3 consist of pure Ag.

results in quite low illumination brightness (1—2 A/cm?)
under TEM observations. We did not see any structure
change during long-time high-resolution observations.
Moreover, we have compared the switching process un-
der both beam-on and beam-off conditions. In the
beam-on regime, the electron beam was always on.
For beam-off conditions, the electron beam was
blanked when a voltage bias was applied (at that time,
the redox process and morphology change actually oc-
curred). The on- and off-states under these two condi-
tions showed no difference. On the basis of the above
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two observations, we believe that the electron-beam ir-
radiation effect can be neglected in our experiments.

In order to have further insights into the switching
processes, we selected a very thin and narrow area
where we could see lattice resolution of the switch
structure as a whole (Figure 5a,b). When this domain
was turned on, very clear new lattice fringes appeared
in area #3, as marked in Figure 5b (see a real-time movie
in the Supporting Information). Detailed FFT analyses
of these lattices fringes are presented in Figure 5¢,d. The
area #1 almost did not change, being kept in the
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Figure 4. (a) Low-magnification TEM image corresponding
to the off-state of a nanodevice. Scale bar = 50 nm. (b) EDS
analysis of the area framed in (a). Quantitative analysis gives
the atomic ratio of Ag to S of 1.8 in this area. (c) HRTEM im-
age of the area framed in (a). (d1—d4) FFT images of areas
#1—#4 framed in (c). They are all in the acanthite phase.

acanthite phase. In area #2, the argentite (002) fringes
appeared. In area #3, both argentite and pure Ag fringes
appeared. In area #4, we saw the argentite (002) fringes
for the both on- and off-states, but the contrast and in-
tensity of these fringes increased for the on-state. Apart
from these numbered areas, on the left-hand-side of
this long and narrow rod, we could see that the verti-
cal argentite (002) fringes appeared for the on-state.
These observations and analyses confirmed our state-
ment that the pure Ag and argentite Ag,S phase to-
gether had formed the regarded conducting channel.
We then used FFT filtering together with the inversed

FFTs to extract a certain phase for the on- and off-state
HRTEM images, so that we could see how and where
these phase transitions and crystal growth took place.
The results are illustrated in Figure 5e (for the off-state)
and in Figure 5f (for the on-state) in sequence for the
acanthite, argentite, Ag, and an overlay of the two con-
ductive phases (i.e., Ag + argentite). It is evident that
(i) a part of the acanthite phase transformed into the ar-
gentite phase at the top right corner of the most left im-
ages; (i) the argentite phase grew bigger in the middle,
left edge, and the bottom parts of the images; (iii) ex-
cessive Ag accumulated and formed a Ag nanocrystal
surrounded by the argentite phase in the middle image
part. The total conducting channel (from top to bot-
tom) is clearly seen in the most right image in Figure
5f. Some small pieces of the argentite phase also exist
outside of this channel; they may also partially contrib-
ute to the conductance.

Normally, acanthite is stable below 178 °C. When
temperature is higher than 178 °C, Ag,S transforms
into argentite.’> Conductivity of acanthite is quite low;
however, argentite has a metallic behavior.”? In our ex-
periments, we found that this transition took place at
room temperature and only within a conductive path-
way. The argentite not only forms the parts of the con-
ducting channel but also provides the pathway for the
Ag cations’ migration. In fact, the Ag cations can only
migrate in the argentite but not in the acanthite Ag,S
phase. Since it has been demonstrated that an electri-
cal field can decrease the phase transformation temper-
ature in various materials,’*~'” we think that such field,
as well as the movement of Ag cations, induced this
transition. The Joule heating effect may be excluded be-
cause the current is quite low at the off-state. The Ag-
rich environment may help the high-temperature phase
to survive at room temperature. In fact, it was con-
firmed that the argentite phase could exist in a Ag-rich
environment at room temperature.’®

On the basis of the present experimental observa-
tions and analyses, the total process of the resistance
switching of a nanoscale Ag,S-based superionic con-
ductor is fully understood as follows. Initially, Ag,S is in
the acanthite nonconductive phase (Figure 6a). When a
bias is applied, the Ag cations start to migrate, at the
same time the acanthite phase transforms into the ar-
gentite one. The silver cations can be reduced any-
where along their migration way, but their reduction
occurs mostly at the interface between the Ag,S elec-
trolyte and the cathode. The Ag atoms in the silver elec-
trode are ionized and dissolved into Ag,S to supply Ag
cations. Due to Ag mass transport, the volume of Ag,S
electrolyte within the conducting channel increases,
and the mixture of Ag and argentite grows on the origi-
nal acanthite surface (Figure 6b). The pure Ag crystal
starts to grow, while more and more acanthite Ag,S
transforms into argentite Ag,S. A sudden resistance
drop occurs when the conducting nanochannel en-
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Figure 5. (a,b) Off- and on-states of a narrow and thin Ag,S device region. The Ag electrode is located on the top part of
the image; W electrode is in the bottom part. (c1—c4,d1—d4) FFT patterns of the areas from #1 to #4 framed in (a) and (b), re-
spectively. When the device is switched from the off- to on-states, a FFT of area #1 has almost no change, the argentite
(020) spot appears in area #2, the argentite (022) and Ag (111) spots appear in area #3, no new spots are seen in area #4,
but the intensity of the argentite (020) reflection increases. (e,f) Individual phase images of the off- and on-states retrieved
using the FFT filtering method. No Ag phase is visible for the off-state, so the phase map is totally black. The two conduc-
tive phases, i.e., argentite Ag,S and Ag, are added, as shown in the most right column.

tirely connects two electrodes (Figure 6c). After apply- ite phase transforms back to the acanthite phase. Once
ing a negative bias, the Ag crystal starts to be ionized  the argentite Ag,S + Ag conducting channel becomes
and Ag cations move toward the anode (Figure 6d). trespassed by the nonconductive acanthite phase, the

When the Ag-rich environment disappears, the argent-  channel breaks, the resistance dramatically increases,
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Figure 6. Schematics of an overall Ag,S switch performance. (a) Initially, Ag,S is in the nonconducting acanthite phase. (b)
When a positive bias is applied, Ag cations start to migrate toward the cathode and are reduced to Ag atoms during their
transport; the acanthite phase transforms into the argentite phase. (c) Continuous conducting channel made of argentite and
Ag is built. Because a volume expands, the conducting mixture can grow out of the Ag,S electrolyte. (d) When a negative
bias is applied, the Ag crystal dissolves into the argentite phase, Ag cations migrate toward the anode, the argentite phase
back-transforms into the acanthite phase. (e) When the conducting channel is trespassed by the nonconductive acanthite
phase, the device is turned off. The conducting mixture shrinks back. (f) When a positive bias is applied again, the broken con-
ductive channel is rebuilt due to the argentite phase and Ag formation.

and the whole device is turned off. Some argentite
and Ag nanocrystals can also survive in the off-state
since now Ag cations stop moving and the Ag-rich en-
vironment is maintained locally (Figure 6e). Once again,
when a positive bias is applied, the conducting chan-
nel starts to rebuild itself; this time it only needs to re-
structure a nonconductive acanthite gap between the
different conductive domains (Figure 6f).

In the argentite phase, the S anions form a rigid
body-centered cubic lattice with Ag cations randomly

Ag[01-1]

e

Argentite [10-1]

occupying 1/3 of the 12d sites in the lattice (Wyckoff
symbols; see ref 18; a 3D argentite unit cell is shown in
the inset of Figure 7e). Calculations show the minimum
energy barrier of 89 meV for a Ag cation jumping from
one atomic site to another.® This result is basically con-
sistent with our observations that the switching occurs
at a bias of 130 meV. We never observed switching be-
low 100 meV. The Ag(111) plane is the most close-
packed plane of Ag (in area #3 in Figure 5b). During
the HRTEM imaging, we detected the argentite (020)

Figure 7. (a) Ag lattice-resolved image extracted from area #3 in Figure 5b. (b) Argentite phase image extracted from area
#3 in Figure 5b. (c) Overlay of (a) and (b) which can be considered as a noise-reduced image of area #3 in Figure 5b. (d) Atomic
model of Ag viewed along the [01—1] direction. A 3D unit cell with the marked plane of interest is shown in the top right cor-
ner inset. (€) Atomic model of an argentite Ag,S phase viewed along the [10—1] direction. A 3D unit cell with the marked hex-
agonal plane at the 12d position is shown in the top right corner inset. (f) Atomic model revealing the orientation relation-
ship between Ag and argentite. The Ag(111) plane is parallel to the hexagonal plane at the 12d position in argentite. A
possible migration pathway of Ag ions is drawn. An angle between the Ag(111) and argentite (020) planes is ~55°, which
is consistent with the experimental observations in Figure 5d3 and Figure 7c.
ACQL\L/{\\K) VOL.4 = NO.5 » XU ET AL
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and (202) planes. This means that the argentite phase
is viewed along its [10—1] zone axis. If we merge the
atomic models of Ag and argentite Ag,S together, we
can see that the Ag (111) plane is parallel to one plane
at the 12d position. In this configuration, the angle be-
tween the Ag(111) and argentite (020) planes is about
55°, which coincides with the experimental observa-
tions in Figure 5d3 and Figure 7c. The Ag atoms on the
Ag(111) plane are arranged in a hexagonal fashion.
The atomic plane at the 12d position of argentite also
has a hexagonal symmetry. The two planes have the
minimal lattice mismatch. Therefore, it is reasonable to
assume that, when the Ag cations are reduced, the Ag
atoms preferentially grow on the basis of this plane.
Since Ag cations can migrate nearly freely between the
12d positions, we propose a possible migration path-
way of Ag cations in Figure 7f.

CONCLUSION

In summary, for the first time, we have directly ob-
served at the atomic resolution the formation and
breakage of a conducting pathway in a superionic solid
electrolyte resistance nanoswitch by complete repro-
ducing of its performance inside the high-resolution
transmission electron microscope equipped with the
STM unit. In the particular case of Ag,S, a conducting
channel is created by the conducting Ag,S argentite
phase and the pure Ag crystal together. The Ag cat-
ions’ migration pathway and the prime state of the Ag
nanocrystal growth have also been clarified.

In the end, we would like to emphasize the two key
points of this work that should draw the prime atten-
tion. First, a transformation from the acanthite to argen-
tite Ag,S plays the crucial role in the switching of a
Ag,S metal—insulator—metal (MIM) structure. Although
this phase transformation has been known for more
than 80 years, it has not been given full attention while

EXPERIMENTAL METHODS

To synthesize silver sulfide, a Ag wire (diameter = 0.5 mm,
99.9%, purchased from the Sigma-Aldrich Company) was loaded
in a small quartz tube together with a sulfur powder (99.98%,
purchased from the same company). This small quartz tube was
evacuated to 1073 Pa and then was sealed. The sealed quartz
tube was heated to 200 °C for 30 min in a horizontal furnace. Af-
ter that, it was broken and the sulfidized Ag wire was taken out.
Then, the sulfidized Ag wire was annealed in argon (300 sccm) at
ambient pressure at 200 °C for 30 min. We used a “Nanofactory
Instruments” STM—TEM joint instrument inserted into a 300 kV
JEM-3100FEF (JEOL, Omega Filter) field-emission high-resolution
TEM. A sharp tungsten STM tip was fixed on the movable end
of a piezotube. We delicately scratched the sulfidized Ag wire
using another polished Ag wire, so that some small pieces
of silver sulfide were transferred to it. The Ag wire with the
Ag,S tip-end was mounted in the HRTEM opposite the STM
tungsten tip. Then we located a thin Ag,S/Ag area in which
we were able to see high-resolution lattice images, moved
the W tip toward it, and made a physical contact. During the
experiments, the W tip was grounded; bias voltage was ap-
plied on the Ag electrode.

www.acsnano.org

considering the working principle of a Ag,S MIM switch.
Second, when the Ag atoms from a Ag electrode are
dissolved into a Ag,S electrolyte, and then reduced, the
volume of the intermediate layer increases, so that a
mixture of Ag and the argentite phase can grow out of
the original surface of the electrolyte. This phenomenon
was observed before but was not deeply
addressed.3>" If a bias voltage is kept, the growth of
a Ag crystal at the cathode will continue, as the Ag at-
oms from the Ag electrode are transported to the cath-
ode, and the structure of a device could be totally dam-
aged. If the two electrodes are firm and rigid, a mixture
of the conducting phases may be confined, but surely,
there will be a large strain level inside the device struc-
ture. This effect is destructive for the stable device per-
formance and should be very carefully treated under its
design. However, this detrimental effect could be mini-
mized by precisely controlling the width and height of a
turn-on voltage pulse.

Although the basic working principle of a Ag,S
atomic switch has properly been revealed in previous
publications,>~>'3 the present real-time, in situ, atomic-
resolution work should be highly beneficial for the prac-
tical development of these advanced metal-cation-
type nonvolatile memory devices. Besides Ag,S (and
the similar systems, Cu,S'™ and Ag,Se?), there are many
other materials that show reversible resistance switch-
ing behavior, for example, (Pr,Ca)MnO3,2" SrTiO3,%
Ta,05,2 VO,,%* and TiO,.2°> The detailed mechanisms of
their functioning have not yet been decently elucidated
due to a limited number of reliable experimental tech-
niques and observations and theoretical calculations.
The experiments designed and described in this contri-
bution provide a general method to answer all sorts of
fundamental questions related to the switch operations
and should give inspiration to the whole field.
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Supporting Information Available: Movie 1 shows the repeti-
tive switching as well as the growth and disappearance of a
solid Ag,S + Ag nanocrystal electrolyte. Movie 2 presents the
HRTEM real-time video corresponding to Figure 5. This material
is available free of charge via the Internet at http://pubs.
acs.org.
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