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Abstract
Microcrossbar structured electrochemical metallization (ECM) cells based on silver iodide
(AgI) solid electrolyte were fabricated and analyzed in terms of the resistive switching effect.
The switching behavior implies the existence of quantized conductance higher than 78 µS
which can be identified as a multiple of the single atomic point contact conductivity. The
nonlinearity of the switching kinetics has been analyzed in detail. Fast switching in at least
50 ns was observed for short pulse measurements.

(Some figures may appear in colour only in the online journal)

1. Introduction

Resistive switching random access memory (ReRAM) cells
are intensively studied due to the prospect of high scalability
and low power consumption, being considered as the
most promising candidate to replace flash-based nonvolatile
memory devices [1, 2]. Recently, within the context of
ReRAM electrochemical metallization cells attracted a great
deal of attention due to their simple structure, ease of
fabrication and potential multibit storage [3]. The ECM cell
arrangement consists of an electrolyte material sandwiched
between an electrochemically inert counter electrode (CE,
e.g. platinum) and a working electrode (WE, e.g. silver). By
applying voltage or current pulses the resistance of the cell can
be reversibly modulated between a high resistive state (HRS)
and a low resistive state (LRS), depending on the voltage
polarity. Hereby, the electrochemical formation and rupture
of a nanoscaled metallic filament is believed to be responsible
for the resistance transition [3].

Typically, amorphous oxides (such as SiO2 [4], TiO2 [5]
or Ta2O5 [6]) or higher chalcogenides (such as GeSx or
GeSex [7–9]) are used as solid electrolytes. As deposited,
these material systems are insulators and do not initially
contain mobile metallic ions (e.g. Ag+) [3] which are
required for ionic transport and the filament formation.
Hence, to enable resistive switching, ions need to be first
injected into the insulator [10] by thermal diffusion [11]

or by applying a voltage pulse (electroforming voltage)
which is typically higher than the subsequent switching
voltages [12]. However, for GeSex films it has been
reported that Ag and Cu can be chemically dissolved
and easily diffuse into the electrolyte, even without a
heat treatment [9]. In contrast, silver halogenides such as
(poly-) crystalline silver iodide (AgI) initially contain mobile
Ag+ ions which makes AgI a promising candidate for
fast resistive switching applications. In the past, resistive
switching in pure AgI [13] and AgI-based electrolytes such
as AgI–Ag2O–WO3 [14] or (AgI)0.5(AgPO3)0.5 [15] has
been observed but not investigated in terms of switching
kinetics, filament conductivity or multilevel switching in
detail yet. In particular, pattern transfer of the electrolyte
is challenging since AgI is rather sensitive towards many
chemicals, temperature and electron beams as well as UV
light which is used in most process steps for fabrication of
highly dense integrated memory devices.

Furthermore, the very nature of the contact resistance
of the filament and the working electrode of ECM cells
is as yet unknown. Since adjusting the ON resistance by
orders of magnitudes depending on the current compliance
(multilevel switching) has been reported for many ECM
systems [3], tunneling and metallic contacts are both
discussed [16]. Terabe et al observed quantized conductance
of a vacuum-gap-based (gap-type) ECM cell [17]. Lately, a
comprehensive study on quantized resistances for a gap-type
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Figure 1. (a) Schematic presentation of the process steps for microcrossbars. (b) Layout of fabricated microcrossbars with a common Pt
bottom electrode and two Ag/AgI top layers. For simplification, the SiO2 and TiO2 layers are not shown in the figure.

ECM system was done by Nayak et al [18]. They observed
that the cell resistance is dominated by tunneling between
filament and electrode for comparatively high resistances.
Below 13 k� the resistance is dominated by atomic point
contacts resulting in discrete resistance values depending on
the particular number of atoms short-circuiting the filament
and electrode. This behavior has yet not been studied for
gapless ECM cells where the filament is growing within the
solid electrolyte.

In this work we present a fabrication process for
integrated AgI-based microcrossbar structured ECM cells.
Low power resistive switching with currents down to 10 nA
as well as multibit storage was observed by potentio-dynamic
current/voltage (I/V) sweeps. We report on the conductivity
mechanism of the filament short-circuiting the working and
counter electrode. The switching kinetics of the ECM memory
cells were analyzed by fast voltage pulses down to pulse
lengths of 50 ns.

2. Experimental details

P-doped (100)-oriented silicon wafers were used as substrates
to prepare microcrossbar structures. To improve the adhesion
a 450 nm thick SiO2 layer was fabricated by wet oxidation
of the Si substrate followed by a 15 nm thick TiO2 layer,
deposited by DC magnetron sputtering of titanium and
subsequent oxidation in a diffusion furnace. On this adhesion
layer a 30 nm thick platinum bottom electrode was deposited
by DC magnetron sputtering. A schema of the process steps
for microcrossbar structured cells is shown in figure 1(a).

Based on this layer stack, the subtractive pattern transfer
of the bottom electrode with overlapping electrode areas
between 4 and 100 µm2 was done using conventional UV
lithography and reactive ion etching (RIE). The remaining
photoresist was removed using the photoresist remover
EKC 830 (DuPont Electronic Technologies) followed by an
ultrasonic bath in acetone, isopropanol and deionized water
for 10 min, respectively. To prevent the impact of UV light
or alkaline-based resist developers on the AgI film, the top
electrode pattern was prepared by UV lithography directly

after the bottom electrode was fabricated. Afterwards, a
30 nm thick AgI layer was deposited by thermal evaporation
(0.5 nm s−1) in a high vacuum (10−5 mbar). A 200 nm
thick Ag top electrode was subsequently deposited by
electron-beam (e-beam) evaporation. The sample fabrication
was finally finished by a lift-off in acetone, isopropanol and
deionized water for 5 min, respectively. Due to the mask
layout two top electrodes sharing a common bottom electrode
were fabricated simultaneously. Each top electrode is acting
as an individual switching cell with the common bottom
electrode. The layout is depicted in figure 1(b).

All measurements were performed at room temperature
and ambient conditions in a dark chamber in order to avoid
any impact of UV light. The crystal structure of the evaporated
AgI films was analyzed by x-ray diffraction (XRD) using an
X’Pert Pro diffractometer (PANalytical) in 2–2–2 geometry
equipped with an Anton Paar XRK 900 thermal processing
chamber under ambient atmosphere. This equipment allows
heating the sample at a constant rate of 4 ◦C min−1 while
simultaneously monitoring crystalline responses. The peak
positions of the XRD diffractograms were evaluated using
PANalytical High-Score software.

Potentio-dynamic current/voltage (I/V) sweeps were
performed using a Keithley 6430 Subfemto-Remote-Source
meter. A current compliance ICC was adjusted between 10 nA
and 50 µA to avoid high currents in the low resistive state
(LRS) which destroys the cells. Different sweep rates ranging
from 40 mV s−1 to 3 V s−1 were achieved by adjusting the
voltage step size and time delay between each voltage step.

For a detailed analytical study of contact resistances
the cells were switched ON by a voltage pulse with a
current compliance of 100 nA. Subsequently, the current was
increased by 100 nA per 2 s from 100 nA to 20 µA while
simultaneously measuring the cell resistance.

Short pulses were accomplished using a Wavetek
100 MHz synthesized arbitrary waveform generator (model
395) and analyzed by a Tektronix TSD 684A digital
oscilloscope. We reduced the cable length to measure signals
with pulse lengths down to 50 ns. Therefore, the voltage signal
was measured using a 50 � coupled input whereas a 1 M�
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Figure 2. Crystalline responses measured by x-ray diffraction
(XRD) while simultaneously heating the sample with 4 ◦C min−1.
XRD peaks (A) and (B) correspond to the γ -AgI and α-AgI phase,
respectively.

coupled input in series to the cell was used to analyze the
current response and decrease the current after switching to
the LRS.

3. Results and discussion

All AgI films deposited in this study showed a pronounced
crystalline γ -AgI structure at room temperature (figure 2)
which is consistent with the results reported in the
literature [19]. The reflection (A) at 22 = 23.62◦ represents
the γ -AgI phase, stable at temperatures below 176 ◦C.
Between 142 ◦C and 176 ◦C the peak (A) disappears and a
new diffraction peak (B) at 22 = 24.78◦ for 176 ◦C and
22 = 24.48◦ for 500 ◦C, respectively, is formed, indicating
the γ -AgI to α-AgI transition [19]. The phase transition
temperature corresponds to the reported literature value. We
observed that the α-AgI phase remains stable until AgI is
melting above 500 ◦C. The chemical stability of the AgI
films was controlled by XRD measurements preformed on
as-deposited samples and samples being stored for three

months (protected from light) showing no change in the
diffraction patterns.

For Ag/AgI/Pt microcrossbar cells we found that the
thickness of the Ag layer compared to the AgI thickness is
critical for the device functionality. If the Ag film thickness
is in the range of a few tenths of nanometers (e.g. 30 nm) the
electrode seems to chemically dissolve after the evaporation
resulting in a high resistance of the cell. We are still unable
to unequivocally identify the reason for this dissolution.
However, impurities in silver iodide responsible for the Ag
dissolution have not been found and the deposited films
show x-ray diffraction (XRD) peaks of stoichiometric (poly-)
crystalline AgI.

Typical resistive switching (RS) characteristics are shown
in figure 3(a). Here, a current compliance ICC = 100 nA is
used to maintain the current in the low resistive ON state of
the cell after switching at approximately VSET = 80 mV. We
found that Ag/AgI/Pt-based cells are showing a pronounced
multilevel switching (figure 3(b)), whereas the ON resistance
RON in the LRS can be controlled by variation of ICC. As
soon as the cell is switched to the ON state and the current
compliance is reached the actual voltage applied to the cell
decreases, i.e. the driving force for further filament growth
becomes negligible. The almost purely electronic current
then obeys Ohm’s law resulting in a linear relation between
RON ≈ VSET/ICC [16]. The comparatively low SET voltage
VSET appears to be disadvantageous for particular memory
applications because read voltages of less than 80 mV
(e.g. 40 mV) are required to avoid resistive switching while
reading the stored information of the cell. This can be avoided
by the nonlinear switching kinetics which is discussed later in
more detail.

After switching to the ON state, the actual applied
cell voltage is regulated (lowered) by the Keithley 6430
source meter to adjust the preset current compliance (not
depicted in figure 3(a)). This cell voltage differs from the
programming voltage VProg in the range where the current
compliance limits the total current and is characteristic for the
filament resistance. Typical cell voltages during I/V sweep
are shown in figure 4. We observed that, although the cell is

Figure 3. Resistive switching characteristics of Ag/AgI/Pt microcrossbars. (a) Typical switching behavior (current compliance
ICC = 100 nA). (b) Multilevel switching: different ON resistances RON can be adjusted by variation of the current compliance.
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Figure 4. Analysis of filament formation by measuring the actual cell voltage drop simultaneously during I/V sweep. (a) Although the cell
already switched, a significant voltage drop of about 25 mV is observed during further sweeping, indicating a quantized conductivity of the
filament. (b) At lower current compliances a similar voltage drop is not observed. Red arrows (a)–(f) indicate the switching direction of the
cell voltage.

switched to a specific ON resistance (depending on the current
compliance), the actual cell voltage further decreases during
the sweep (figure 4(a)). This can be understood in a further
growth or strengthen of the metallic filament towards the
WE since the driving force (cell voltage) for electrochemical
filament formation is reduced but still effective. However, for
comparatively high RON � 14 k� the voltage decrease is
rather continuous or nearly not detectable which is shown in
figure 4(b). It is remarkable, that only for low ON resistances
RON < 14 k� a nearly discrete voltage drop is observed.

We attributed this to a different conductivity mechanism
between the filament and the working electrode. In the case
of high RON the overall conductivity of the cell seems to
be dominated by tunneling between the filament and the
WE [16]. By further growth of the filament the tunneling
distance is reduced continuously, resulting in a gradual
resistance change and hence gradual voltage drop. In contrast,
in the case of RON < 14 k� the overall resistance is close to
the resistance of a single atomic point contact R0 = 1/G0 =

(2e2/h)−1
≈ 12.9 k� ≈ 1/(78 µS) [20]. Hence, a single

metal atom of the filament seems to be responsible for the
conductivity mechanism. By further growth of the filament a
second atom can contribute to the conductivity, resulting in
a quantized decrease of the ON resistance and thus a discrete
cell voltage drop. This could explain the discrete voltage steps
in figure 4(a). However, in both cases the filament resistance
Rf of about 500 �–1 k� is in series either to the tunnel
contact or the atomic point contact. A proposed equivalent
circuit of the overall cell resistance is depicted in figure 5.
The contact resistance Rc, the filament resistance Rf as well as
the resistance of the Ag and Pt electrodes Re are contributing
to the total cell resistance RON in the ON state. Note Rf and Rc
may vary during measurement and depend on the cell voltage
due to further filament growth whereas Re � 100 � depends
only on the device geometry and conductivity of Ag and Pt
and will be further neglected for simplification.

We observed quantized resistances only within a
current window of 1–10 µA. By conventional I/V sweeps
(figure 4(a)) we were not able to detect more than one or two

Figure 5. Equivalent circuit for a simple measurement set-up
consisting of the Ag/AgI/Pt cell and the Keithley source meter. The
electrode resistance Re is small compared to the contact resistance
Rc and the filament resistance Rf. Hence, Re will be further
neglected.

discrete voltage drops. Alternatively, more discrete resistance
levels can be achieved by a current sweep measurement as
shown in figure 6(a). At the beginning the cell is switched
ON with a current compliance of 100 nA. Subsequently, the
current is increased stepwise from 100 nA to 20µA by 100 nA
and 2 s per step. The cell resistance was simultaneously
measured. In figure 6(a) at least five quantized resistances
can be observed which fitted well to integer multiple of
the conductivity G0 of a one atomic point contact. Here,
a filament resistance Rf = 800 � was assumed. Note, the
current resulting in specific resistance steps varies from cell
to cell and some multiples (e.g. 1G0 or 5G0 in this example)
seemed to be skipped during measurement.

Due to the statistical variation from cell to cell 65
cells have been measured resulting in a total number of
more than 20 000 conductivity measurement points. Based
on these measurement points a cumulative statistics of the
cell conductivity has been calculated. Therefore, we assume
Rf = 800 � which fits well to the resistance calculated
by the literature value of the conductivity of Ag, a length
of 30 nm and a diameter of 1–2 nm [16]. The result is
shown in figure 6(b). It is remarkable that maximum of the
cumulative probability for specific conductivities nG0 (with
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Figure 6. Analysis of quantized cell conductance by a current sweep. (a) At least five quantized resistances have been observed in this
example by current sweeping. (b) Cumulative statistics of measured cell conductivity.

Figure 7. Analysis of the kinetics of Ag/AgI/Pt microcrossbars. (a) Short pulse measurement with definition of 1tSET exemplary for pulse
amplitude of 1.5 V and a pulse length of tPulse = 250 ns. (b) Switching kinetics for pulse measurement. At high pulse amplitudes VPulse the
switching time can be decreased down to 10 ns and below.

n = 1, 2, 3, . . .) are observed. In particular, the maxima for
n = 1, 3, 4, 5 are distinctive. Variation of the actual filament
resistance from cell to cell and during measurement may result
in deviation from the exact conductivity nG0. The reason for
the gap between 7G0 and 12G0 is yet unclear. It was found that
below a cell resistance of about 2 k� the cell resistance drops
fast below 1 k�. Hence, it is assumed that the measurement
is too slow to detect resistances between 2 and 1 k�. Thus, in
a cumulative statistics these resistances are not contributing.
Below 1 k� the cell resistance is nearly constant and may
be dominated by the filament resistance. Therefore, this
resistance is again contributing to the cumulative statistics.

To analyze the switching kinetics we varied the sweep
rate between 40 mV s−1 and 3 V s−1 for potentio-dynamic
measurements. Within this range VSET ≈ 0.085 V was found
to be nearly independent of the sweep rate. However, a
strong exponential relation between the pulse amplitude VPulse
and the switching time 1tSET is observed for short pulse
measurements when applying voltage pulses above 0.5 V.
This has been demonstrated for various resistive switching
materials as well [2, 3]. A typical voltage pulse and the current
response of the cell are depicted in figure 7(a). Here, the
pulse length is tPulse = 250 ns with an applied voltage of
VPulse = 1.5 V. The switching time 1tSET is defined as the

time shift between the voltage signal rise and the current
signal rise. We reduced cable lengths and performed short
circuit measurements to ensure that the delay between voltage
and current signal is not dominated by the measurement
set-up. The current was reduced by a series resistor using the
1 M� input resistance of the oscilloscope which is also acting
as the signal source for the current. The switching kinetics
is shown in figure 7(b). Between VPulse = 0.25 and 2 V the
switching time 1tSET is decreased by more than three orders
of magnitude. We observed fast switching within at least 10 ns
at moderate switching voltages below 2 V. Note that below
VPulse = 0.5 V the switching time increases by decrease of
the pulse amplitude and seems to asymptotically approach a
threshold value. This threshold value could be the reason for
the constant switching voltage observed by variation of the
sweep rate for potentio-dynamic measurements.

As shown in figure 3(a) the cell is switching at a low
voltage (80 mV) for quasi-static measurement conditions,
which is disadvantageous for memory applications since it
drastically reduces the read voltage margin. However, fast
read and write pulses are preferably required for memory
applications. According to the nonlinear switching kinetics
the read voltage margin can be significantly increased for
short read pulses (e.g. VRead = 1 V and tRead = 50 ns) to
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avoid unintended switching of the cell. This concept has been
recently approved for a nondestructive readout of ECM-based
complementary resistive switches (CRS) [21] which show
similar switching kinetics.

The origin of the nonlinear switching kinetics and
especially for the threshold value for the switching is
conflictingly discussed in the literature. For the Cu/SiO2/Pt
ECM system it has been assumed that the electro-
crystallization of the mobile metal ions at the counter
electrode is rate-limiting [12]. This involves the nucleation
rate of the metal ion at the cathode as well as the charge
transfer at the anode/electrolyte interface. In particular, the
threshold voltage for the Cu/SiO2/Pt system is contributed to
the nucleation overpotential of the metal ions at the counter
electrode [12]. We assume this situation holds for AgI thin
films as well.

4. Summary

In this work we presented a fabrication approach for
AgI-based resistively switching microcrossbar structured
ECM cells. We investigated the switching behavior and
reported on a pronounced multilevel switching which offers
the potential of multibit storage. By measuring the cell
resistance during I/V sweep we observed that the ON
resistance is decreasing during measurement potentially due
to further strengthening of the filament. For RON < 14 k�
discrete resistance changes can be observed, indicating a
single atomic point contact for the ON state whereas for
RON > 14 k� the resistance of the cell seems to be dominated
by tunneling between the filament and the working electrode.
We were able to measure at least five quantized resistance
levels by current sweeping which are further supported by
cumulative statistics. According to the switching kinetics we
found a strong nonlinearity of the switching time and the
voltage pulse amplitude. Switching within at least 10 ns at
moderate voltages at 2 V has been proved, making this system
of potential interest for fast switching memory devices.
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