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The dynamics of resistive switchings in nanometer-scale
metallic junctions formed between an inert metallic tip
and an Ag film covered by a thin Ag,S layer are investi-
gated. Our thorough experimental analysis and numeri-
cal simulations revealed that the resistance change upon
a switching bias voltage pulse exhibits a strongly non-
exponential behaviour yielding to markedly different re-
sponse times at different bias levels. Our results demon-
strate the merits of Ag,S nanojunctions as nanometer-
scale non-volatile memory cells with stable switching ra-
tios, high endurance as well as fast response to write/erase,
and an outstanding stability against read operations at
technologically optimal bias and current levels.

Future technological developments in non-volatile resistance
switching random access memory (ReRAM) applications '~
exceeding the limitations of nowadays Flash devices* are ex-
pected to comply with the basic requirements of a small size
for a high data storage density as well as fast read and write
operations performed at reasonably low voltage and easily de-
tectable current levels. Further important criteria involve high
endurance against several writing cycles and a long retention
time® which greatly rely on the long-term mechanical and
electrical stability of the corresponding ON and OFF states.
Moreover, it is also a key issue that such passive circuit ele-
ments exhibit a strongly non-linear response function, so that
the device is stable against low-level read-out signals and, at
the same time, it responds quickly to write operations carried
out at higher biases.

Tunable, nanometer scale junctions formed between metal-
lic electrodes by reversible solid state electrochemical reac-
tions represent extremely promising candidates to satisfy the
above criteria. 7 The resistive state of such a memory el-
ement, called memristor,'® is altered by biasing the device
above its writing threshold (Vy,). Readout is performed at
lower signal levels which preserve the stored information.

Previous studies on the dynamical properties of memristive
systems &% 17:19-34 mostly focused on the formation and com-
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plete rupture of metallic filaments in solid state ionic conduc-
tors giving rise to extremely high Ropr/RoN ratios at prac-
tically insulating Ropp and Ron =~ h/ 2¢2 = 12.9 kQ resis-
tance values, the latter corresponding to atomic sized contacts.
While the near-equilibrium conditions of low ionic and tun-
neling currents facilitated the identification of the underlying
microscopic mechanisms in this regime, fundamental RC lim-
itations only allowed the exploration of narrower segments in
the time domain.

Our previous experiments>> have shown that suitably pre-
pared, nanometer scale junctions utilizing a 30 nm thick
layer of the ionic conductor Ag,S sandwiched between Ag
and PtIr electrodes are capable of reproducible, nanosecond
timescale switching operation at room temperature exhibiting
Rorr/Ron ratios of 2—10. Resistive switching takes place
via metallic channels of diameters changing in the range of
2-5 nm which are subject to electric fields of the order of 10°
V/em and current densities of 10'© A/cm?. The technologi-
cally optimal, metallic ON and OFF state resistance values of
about 1 kQ are fully compatible with nowadays CMOS stan-
dards. Moreover, the considerably lower writing (read-out)
voltages of a few 100 mV (10 mV) applied for two orders of
magnitude shorter times offer a significantly decreased power
consumption.

Here we discuss the dynamics of the resistance change dur-
ing such resistive switchings, representing a so far relatively
unexplored area in memristor research. We demonstrate sta-
ble switching ratios over >10* writing cycles and the sta-
bility of the stored information. We show that the switch-
ings can simultaneously exhibit fast and slow variations over
more than eight orders of magnitude in time with character-
istic time scales highly depending on the biasing conditions.
This enables the utilization of Ag,S based nanojunctions in
non-volatile memory applications. The transition between two
different states is found to be non-exponential in time rem-
iniscent to the variation of the synaptic potential¢-3# also
responsible for the short and long-term memory of the hu-
man brain. 23° The latter behaviour has been successfully ac-
counted for by numerical simulations based on an empirical
master equation.
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During sample fabrication a 80 nm thick Ag layer was de-
posited onto a Si substrate followed by a 5 minutes long sulfu-
risation. The S diffused into the Ag layer forming an approx-
imately 30 nm thick Ag,S layer on top of the Ag.*0 Nanome-
ter scale junctions were created by gently touching the Ag,S
surface with a mechanically sharpened Ptlr tip in an STM ge-
ometry. The Vg;ive voltage output of a low output impedance
(5 Q) arbitrary waveform generator was acting on the memris-
tive junction and on the serial resistor Ry while the Vi, volt-
age drop on the junction was monitored by an oscilloscope as
shown in the left inset of Fig. 1(a). By convention, a positive
bias corresponds to positive voltage applied to the Ag layer
with respect to the Ptlr electrode. All measurements were per-
formed at room temperature.

A typical current-voltage (I-V) trace recorded within 1 ms
is illustrated in the right inset of Fig. 1(a). At low bias voltages
the initial OFF state resistance Ropr is measured. Increasing
Vhias to Vin = 200 mV a reconfiguration takes place result-
ing in a drop of the junction’s resistance from Rorr = 70 Q to
Ron =38 Q. Lowering Vy,ys preserves the Ron ON state resis-
tance until a negative threshold of -300 mV is reached where
the initial OFF state is restored. The direction of the resulting
hysteresis loop is indicated by the arrows in the inset.

Resistive switchings can also be initiated by voltage pulses
as demonstrated in Fig. 1(a) and Fig. 1(b) for different pulse
durations in two representative junctions. In each case the
junction is prepared in its higher resistance OFF state by a high
amplitude negative voltage pulse of Vgive =-1.3 V [Fig. 1(a)]
and -4.5 V [Fig. 1(b)] (not shown). Ropf is measured at a low
positive read-out voltage. This is followed by a high ampli-
tude positive pulse (Vgrive =+1.3 V and +4.5 V, respectively)
to switch the device to its lower resistance ON state. Again,
a low read-out voltage is applied to determine Roy in the fi-
nal state. Note that due to Ry > Ropr the observed change is
more dominant in the voltage response of each device com-
pared to its current variation. While Fig. 1(a) demonstrates
that the junction exhibits a significant resistance change even
at the time scale of the 1 ms long switching pulse, a three or-
ders of magnitude faster operation is exemplified in Fig. 1(b)
where a resistance change by a factor of ~2 is achieved within
500 ns. Moreover, our previous experiments showed that re-
sistive switchings can be initiated by voltage pulses as short
as 500 ps.® These observations indicate that fast and slow
switching processes can co-exist in Ag,S based nanojunc-
tions. In the main part of this paper we exploit this unique
behaviour by a thorough analysis of the switching characteris-
tics under various biasing conditions.

The colour map of Fig. 2(a) displays the Ropr/Ron ratio
deduced from the zero-bias slopes of the > 10* individual
I-V traces acquired on a representative, stable device at dif-
ferent fgve frequencies and Vo amplitudes of the driving

drive

triangle signal and using Ry = 51 Q. By gradually increas-
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Fig. 1 Resistive switching initiated by 1 ms a) and 500 ns b) long
voltage pulses. The positive bias corresponds to positive voltage
applied to the Ag layer with respect to the PtIr tip. The blue curves
represent the voltage drop on the junction. The green traces
correspond to the current flowing through the device. The insets
show a typical I-V characteristics acquired within 1 ms as well as
the electrical circuit diagram of the biasing setup. The 1 ms long
voltage pulse was applied with Rg = 330 Q on a junction exhibiting
Rorpr = 110 Q and Ron = 41 Q. During the 500 ns pulse Rg = 50 Q
was used in series with Ropr =5 Q and Rony =2 Q.

ing Vgrive above a switching threshold the Ropp/Ron ratio
exceeds unity. We have repeatedly increased Vgrive at vari-
ous driving frequencies until Ropr/Ron = 4 was achieved.
The data shows a clear logarithmical increase in the switching
threshold towards higher frequencies. The regions of constant
o = Ropr/Ron ratios can be well approximated by the for-

mula
Vdrive =a- lg (fdrive) +b, (1)

where the parameters a, b and o are characteristic to a spe-
cific junction and its observed switching, while T = 1/fyrive
is the characteristic time scale of the resistance change. This
tendency holds over 6 orders of magnitude in the frequency
domain and is further illustrated by the two sets of selected
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Fig. 2 a) Resistance ratio & = Ropr/Ron as a function of the 1000
driving frequency and amplitude. The dashed line is a guide to the .
eye visualizing the empirical relation of Eq. 1 describing the o0 = =3 Rs = }00 k()
constant regions. b) Selected I-V traces taken at Vgrive =04V and ~ Rs = 5 k2
various frequencies along the black line indicated in a). ¢) I-V traces Rg = 2 k2
taken at fyiyve =200 Hz with different amplitudes along the magenta Ry =1kO
line in a). The curves in b) and c) are vertically shifted for clarity. 200 - Ropp = 2.2 k. Ry = 1 kO i
= 2. ,Re =
0= 107* 107* 1072 107! 10°
I-V traces shown in Fig. 2(b) and Fig. 2(c) corresponding to Time [s]

the constant amplitude and constant frequency cuts of the data
shown in Fig. 2(a) along the black and magenta solid lines,
respectively. At Vgrive = 0.4 V resistive switching can only be
observed below driving frequencies of f4ive =100 Hz, while at
farive = 200 Hz the onset of the resistive switching takes place

above V0. =042V.

drive

Our data reveals that in spite of the statistical nature of the
microscopic processes responsible for the observed resistive
switching, the Rorr/Ron ratio is a monotonous function of
the driving amplitude and one needs larger Vgrive to initiate
faster resistance changes while at a certain frequency a well
established threshold voltage sets in. Note that increasing
Vgrive results in a larger resistance change while the maximal
Vhias Voltage drop on the memristive element is locked to the
threshold voltage at increasing device currents (quasi-vertical
part of the I-V curve). We found that different junctions ex-
hibit a qualitatively similar logarithmic relation between the
threshold amplitude and the frequency, however, the actual pa-
rameters of this relation may moderately vary from device to

device.

In order to gain a more detailed insight into the dynamics
of the resistive switchings we monitored the R(t) resistance of

Fig. 3 a) Junction resistances R(t) recorded during 1 s long
rectangular voltage pulses of different amplitudes at various Ropp
initial resistances. Rg=1 kQ, V4sive = 0.5 V (black), Rg=1330 Q,
Varive = 1 V (blue), Rg=1330 Q, Vyive = 0.9 V (green). b) The
results of numerical simulations for R(t) at varying Vgye at

Rorr = 2.2 kQ and Ry = 1 kQ. ¢) Similar simulations performed at
varying Rg and V g;jye at identical initial Vp,s(0) = 0.35 V and
Rorr = 2.2 kQ. The black lines in b) and c) represent the data
shown in a) with Ropr = 2.2 kQ, Rg=1 kQ and V gy = 0.5 V.

the junction over six decades in the time domain with a resolu-
tion of 2 us during a 1 s positive rectangular voltage pulse for
various Vgrive amplitudes, Ry series resistors and Ropr initial
resistances. Fig. 3(a) shows three representative experimental
R(t) traces on a log-log scale. The black curve correspond-
ing to a junction with Ropr = 2.2 kQ shows a gradual varia-
tion over more than 5 orders of magnitude in time, whereas
the resistance corresponding to Ropr = 167 Q (green curve)
only changes during the last one and a half decade. It is to
be emphasized that none of the three curves can be properly
described by introducing a single time constant. While, for

This journal is © The Royal Society of Chemistry [year]
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instance, an exponential fit to the initial part of the black trace
provides a time constant of 10 us, R(t) around the falling edge
of the Vgrive pulse can be the best described by a time con-
stant of 10 s. Consistently with the tendency shown in Fig. 2,
this markedly different behaviour is attributed to the different
Vbias(0) = VariveRorr/ (Rs + Ropr) initial voltage drop acting
on the device, i.e., shorter characteristic time scales can be
achieved at higher Vpi,s(0) values. As R(t) is decreasing to-
ward the final Roy resistance, Viias(t) also undergoes a down-
scaling in the fashion of the above formula, resulting in a fur-
ther slowdown of the resistance change which becomes ob-
servable even up to seconds. We point out that the former
issue, i.e., the fast (slow) resistance change at high (low) Vi
is inevitable for fast write/erase (slower, non-volatile read-out)
operations in ReRAM applications. The gradual transition be-
havior from the OFF to the ON state under a constant voltage
application is markedly different from the sharp transition ob-
served in atomic switches.*! This is attributed to the role of
multiple degrees of freedom in our system consisting of metal-
lic channels of 2-5 nm in diameter®> instead of single atoms
in the narrowest cross-section of the junction. We speculate
that the dominating driving force of the resistance change is
still electric field driven activated ionic transport giving rise
to the expansion/shrinkage of the metallic conduction channel
which is determined by its local asymmetry around the nar-
rowest cross-section of the junction. However, the consider-
able self-heating of the junction and the electron wind forces
due to high current densities may also play role in the resistive
switching. Identifying the detailed microscopical mechanisms
is a subject of ongoing molecular dynamical simulations.

The observed behaviour was also accounted for by a time-
dependent numerical simulation demonstrating that due to
their common origin the time dependence of the resistance
change during a voltage pulse [Fig. 3(a)] is necessarily con-
sistent with the bias and frequency dependence of the switch-
ing ratios, as determined from complete I-V traces (Fig. 2).
Based on the empirical logarithmic relation deduced from
the data shown in Fig. 2(a) we assume that a resistance
change of a = R(t)/R(t+ At) takes place within a character-
istic time of At = 10~ [Vbias=bl/2 in the fashion of Eq. 1, where
Vbias = Varive - R(t)/ (R(t) +Rs) is the actual voltage drop act-
ing on the junction. During the numerical implementation the
initial resistance value R(1) was chosen to be equal to Ropr at
the time t(1) = 0. The At(n+ 1) time required to achieve the
next resistance value R(n+ 1) = R(n)/a was determined by
the above formulae in each iteration step.

The results of the simulations performed at various Vgrive
and constant Ropr and R as well as at various Ry but iden-
tical Vpins(0) values and constant Ropp are illustrated in
Figs. 3(b) and 3(c), respectively. The black experimental trace
of Fig. 3(a) characterized by the same parameters as the red
simulated line is re-plotted in Figs. 3(b) and 3(c) for com-

Current [mA]

-0.1 0.1

0
Bias [V]

Fig. 4 I-V trace recorded at a slow bias signal of f = 1 Hz (red). The
results of a simultaneous lock-in measurement performed at an AC
modulation of f = 1 kHz along the DC curve are represented by the
black dashes.

parison. It is evident that simulation not only describes the
selected experimental time traces by using exclusively pre-
determined empirical values but the two sets of curves also
properly account for the observed tendencies attributed to the
complementary effects of changing Vpi,s(0) and Ropp/Rs.
Note that the parameters a, b and o used to construct the traces
of Figs. 3(b) and 3(c) correspond to a different junction and are
therefore different from the ones describing the data shown in
Fig. 2(a) within a factor of two.

The above described emergence of the different time scales
during the switching process can be further visualized by
mixing a small amplitude, high frequency modulation to a
slowly varying, higher amplitude triangle driving signal and
utilize lock-in detection to determine the finite bias current-
to-voltage response of the junction. This technique enables
the separation of the characteristic time scales governing the
resistance change of the junction. If the change is fast enough
to follow the AC modulation, the lock-in detected signal is
expected to return the dI/dV,s derivative of the I-V curve.
On the contrary, if the lock-in frequency exceeds the speed of
the internal processes in the system, the junction is unable to
change its resistance during one period of the lock-in excita-
tion. Hence the latter is not expected to detect the differential
resistance but only the actual Ohmic resistance of the junction.

Figure 4 shows the result of the simultaneous AC&DC de-
tection of a typical I-V trace. Both the AC and DC components
were applied over Ry >> Rorr serial resistors adding a Vi . ~
1 mV, f = 1 kHz modulation to the DC trace recorded within
1 s. The red line in Fig. 4 displays a DC I-V trace while the
slopes of the black dashes shown at selected finite bias values
represent the harmonic response measured by the lock-in am-
plifier. Whereas in the well defined ON and OFF states both

4|  Journal Name, 2010, [vol]1-6
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Fig. 5 Analysis of the system stability during the waiting time At
between two subsequent [-V measurements. a) The ratio of the
(n+1)"" and n'" resistances Ry 1 /Ry at Vggive = 0 V applied during
At=0.01 s. b) The average and standard deviation of Ry, /R, as a
function of At.

the AC and DC methods accurately return the actual dI /dViias
values, it is evident that under these conditions the internal
time-scale of the system was too long to follow the AC modu-
lation during the resistive switchings, giving rise to a harmonic
response corresponding to the Ohmic resistance of the junc-
tion. It is to be added that a qualitatively similar behaviour was
found in various junctions tested in the 1 kHz< f <100 kHz
lock-in frequency domain, in agreement with the quantitative
predictions deduced from Fig. 2.

The data presented in Fig. 2 and Fig. 3 clearly indicate that
the Rorr/Ron ratio not only depends on the driving ampli-
tude but also on the time-scale of the applied biases thus mak-
ing a universal switching threshold ill-defined. This raises the
question whether a non-volatile memory element built on the
Ag,S ionic conductor platform can preserve (i) its ON and
OFF state resistances during repeated write/erase cycles and
(i) the stored information against the voltage noise arising
from the environment in its unbiased state.

Figure 5 demonstrates the long-term stability of our system.
We measured subsequent I-V curves of the same junction sep-
arated by different waiting times while zero bias voltage was
applied to the device, thus extending our investigations by fur-
ther two orders of magnitude in the time domain. Figure 5(a)
shows the ratio of the initial OFF state resistance evaluated
from the corresponding zero-bias slope of the (n+1)" trace
and the final, also OFF state resistance of the previous, n’”
loop. The waiting time was set to 0.01 s during which the junc-
tion was left unbiased. The obtained variation of the above

defined resistance ratio is less than 5% over 100 measurement
cycles performed within a second. Such a variation is negligi-
ble compared to the Ropr/Ron ~ 4 switching ratio deduced
from the individual I-V traces representing an excellent elec-
tronic and mechanical stability. This measurement scheme
was repeated with various waiting times ranging from 0.01 s
to 100 s. The average and standard deviation of R,y /R, is
plotted against the waiting time in Fig. 5(b) showing an aver-
age ratio close to 1 even at 100 s waiting times where the me-
chanical stability of our zero feedback STM setup becomes a
concern.

In conclusion, we studied the dynamics of the resistive
switchings in Ag-Ag,S-Ptlr nanojunctions. We showed that
the resistance change simultaneously exhibits multiple time
scales ranging from a nanosecond to seconds upon a switch-
ing voltage pulse. The resulting non-exponential transition be-
tween the OFF and ON states as well as the achievable, tech-
nologically convenient Ropr/Ron =2 - 10 ratios are largely
affected by the amplitude and frequency of the biasing sig-
nals. This fundamental, inherent property of the Ag,S ionic
conductor provides the unique opportunity for the combina-
tion of GHz write/erase operations performed at bias levels of
a few Volts, non-volatile read-out with slower signals of a few
10 mV and robust information storage at zero bias in a two ter-
minal, nanometer scale analog memory device. Additionally,
the observed non-exponential behaviour along with the access
to tunable multiple resistance states*! open a wide range of
novel applications including integrated processing and stor-
age platforms*2, multiple bit based computation schemes®*3
and improved neural network modeling. 4446
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