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ABSTRACT

Scalable elements that can be switched between widely-separated non-volatile resistance states at very low power are
desirable for applications in next generation memory and logic. One potential approach involves the use of solid
electrolyte films. A mobile metal ion-containing electrolyte film sandwiched between an oxidizable metal layer and an
inert electrode constitutes a device which reversibly transitions between high and low resistance states. The resistance
reduction occurs by the formation of a nanoscale conducting bridge created by reduction of the metal ions. A reverse
bias dissolves the connection. Such polarity-dependent switching is attainable using voltages of a few hundred mV
and currents in the pA range and can occur within a few tens of nanoseconds. In addition to possessing the endurance,
retention, and CMOS compatibility required of future switching elements, such devices have excellent scaling
prospects due to their low operational energy and demonstrated physical scalability. This paper reviews solid
electrolyte resistance-change devices and discusses how the electrical characteristics of the most promising variants
depend on the unique phase-separated nanostructure of the ion-containing films.
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1. INTRODUCTION

It is widely accepted that the adoption of novel materials and radically different devices will be necessary to allow us
to break through to the terabit regime in memory and processingl. One approach involves the use of material systems
which lead to devices that can be switched between widely-separated non-volatile resistance states. Such elements
could find widespread application in next generation memory, storage, and perhaps even logic. Whereas there are
several technologies that show promise in this respect, they typically lack complete scalability, i.e., they have a
physical size, programming voltage, or programming current that is excessive for high density integrated systems
beyond the 32 nm node of the International Technology Roadmap for Semiconductors”. One potential approach to this
issue involves the use of solid electrolyte films’. A mobile metal ion-containing electrolyte film sandwiched between
an oxidizable metal layer (anode) and an inert electrode (cathode) constitutes a device which may be switched from a
high to a low resistance state by the formation of a nanoscale conducting bridge created by reduction of the metal ions.
A reverse bias dissolves the connection. Such polarity-dependent switching is attainable in the ten nanosecond regime
and can be driven using voltages of a few hundred mV and currents in the pA range. In addition to possessing the
endurance, retention, and CMOS compatibility required of future memory and storage elements, electrolyte-based
devices have excellent scaling prospects due to their low operational energy and demonstrated physical scalability.
Our own work in this area has focused mainly on devices with silver-doped germanium chalcogenide solid electrolyte
films but we have also investigated copper as the mobile ion and electrolytes based on transition metal oxides™. This
paper reviews solid electrolyte resistance-change devices and discusses how the electrical characteristics of the most
promising variants depend on the unique nanostructure of the ion-containing films.

2. ELECTROCHEMICAL PRINCIPLES

The field of electrochemistry relates electrical phenomena to chemical changes in materials and vice-versa. An
electron removed from an atom in the process of oxidation creates an ion and these charged species are able to move
under the influence of an electric field in an electrolyte. Electrolytes can be solids as well as liquids. Indeed, some
solids exhibit ion mobilities as high as those found in liquid electrolytes’. On receiving an electron, a displaced ion is
reduced and becomes an atom. It is therefore possible to use the oxidation of a metal source, ion transport in an
electrolyte, and reduction of ions to cause the redistribution of mass. The energy required to move the material is
supplied by a power source via an external circuit.



An ion flow will only occur in an electrolyte if an oxidizable metal electrode is made positive with respect to an
opposing electrode and sufficient bias, typically a few tenths of a volt or greater, is applied. The number of atoms
electrodeposited by the reduction of ions will correspond to the number of electrons that take part in the process and
these are supplied by the power supply in the external circuit. Each metal ion undergoing reduction will be balanced
by a metal atom becoming oxidized and this avoids the formation of an internal electric field due to the build up of
charge which would ultimately cancel the applied field and halt the electrodeposition. Note that if the opposite
electrode is electrochemically inert (not oxidizable), the process is reversible by switching the polarity of the applied
bias. When the electrodeposit is made positive with respect to the original oxidizable electrode, it becomes the new
anode and will dissolve via oxidation. During the dissolution of the electrodeposit, the balance is maintained by
deposition of metal back onto the place where the excess metal for the electrodeposition originally came from. Once
the electrodeposit has been completely dissolved, the process self-terminates. It is important to note that it is the
asymmetry of the device structure that allows the deposition/dissolution process to be cycled repeatedly.

The ability to move metallic mass via the application of a small voltage and current leads to a wide range of
apphcatlons We have previously demonstrated how this can be used to allow programmable interconnections in
circuits’, alteration of resonant frequency in mlcroelectromechanlcal resonators’, valving of fluid flow in microfluidic
systems®, and alteration of reflectance in optical elements’. However, it is the apphcatlon of this technique in scalable
resistance change elements that has attracted the most attention to date. In this case, the oxidation-transport-reduction
process is used to form a nanoscale metallic filament within the electrolyte so that a low resistance path is created
between the electrodes.

Many inorganic and organic (including polymeric) materials can conduct ions to some extent but it is the
compounds of elements in the column of the Periodic Table headed by oxygen, the so-called chalcogens, that are of
most interest in the context of electrochemical resistance-change devices, principally because of their high ion
availability and mobility at normal device operating temperatures. We typically focus on those compounds that are
best able to withstand the thermal processing used in integrated circuits at the back end of line (BEOL) — compounds
of oxygen, sulfur, and selenium. Electrochemical switches have been fabricated using Cu,S " and AgZS binary
chalcogemde electrolytes. The Cu,S devices have been demonstrated in small memory arrays and reconfigurable
logic", and although the applications show promise, there is room for improvement in device performance factors
such as retention and endurance with this particular electrolyte. The work on Ag,S devices concentrated on switching
by the deposition and removal of small numbers of silver atoms in a nanoscale gap between electrodes. This is of
great significance as it demonstrates that the electrochemical switching technique has the potential to be scaled to
smgle atom dimensions. Various oxide-based devices have also been demonstrated'® and although these show great
promise as easily integrated elements, the lower ion mobility in these materials tends to make the devices slower than
in the case of the sulfide- and selenide-based electrolytes.

An alternative and intriguing approach is to create a highly stable solid electrolyte by combining S or Se with Ge
to form a base glass into which we dissolve Cu or Ag. The combination can be achieved by diffusing the mobile metal
from a thin surface film into a chalcogen-rich base glass (one which has more Se or S content than a stoichiometric
composition) via photodissolution. The process utilizes light energy greater than the optical gap of the chalcogenide
glass to create charged defects near the interface between the reacted and unreacted chalcogenide layers'. The holes
created are trapped by the metal while the electrons move into the chalcogenide film. The electric field formed by the
negatively charged chalcogen atoms and positively charged metal ions is sufficient to allow the ions to overcome the
energy barrier at the interface and so the metal moves into the chalcogenide'®. Prior to the introduction of the metal,
the glass consists of GeS, (GeSey) tetrahedra and, in the case of the chalcogen-rich material, S (Se) chains. The
introduced metal will readily react with the chain chalcogen and some of the tetrahedral material to form the ternary.
This Ag-chalcogen reaction, which essentially nucleates on the chalcogen-rich regions within the base glass, results in
a ternary that takes the form of a dispersed nanoscale metal-rich phase in a continuous glassy Ge-rich matrix'"'*. We
will discuss this unique nanostructure in more detail in the following section.

3. ELECTROLYTE NANOSTRUCTURE AND DEVICE PERFORMANCE

The composition and nanostructure of the solid electrolyte has a profound influence on its electrical and ionic
characteristics so we will now consider this, using the Ag-Ge-Se ternary system as the example. If we assume that the
Ag has a mean coordination of 3, the composition of ternary Ge-Se-Ag glasses may be represented as

(GeySer)1yAgy = (3y/2) (AgasSens) + (1-3y/2)(GeSer.,) (1)



where t is the amount of Ge in the Ge-Se backbone = x(1-y)/(1-3y/2) " For a Se-rich glass such as GespSe7g, x = 0.30,
and y = 0.333 at saturation, so we get t = 0.40. This means that the material consists of Ag,Se and Ge,Se; in the
combination

16.7 AgySe + 10 Ge,Se; = Agz3GeypSeys. 2)

This electrolyte has a Ag,Se molar fraction of 0.63 (16.7/26.7) and a Ag concentration of 33 at.% *°. However, as
mentioned previously, we have determined that the dissolution of Ag into a Se-rich base glass produces a ternary that
is a combination of Separate dispersed crystalline Ag,Se and continuous glassy Ge-rich phases The spacing, s,
between the Ag,Se phase regions (and therefore the thickness of Ge,Se; material between them) can be estimated by
assuming that the crystalline regions are spherical and uniform in size and dispersion, so that

s=dF,"*-1) 3)

where d is the measured diameter of the crystalline Ag-rich phase and F, is the volume fraction of this phase®. The
volume fraction in the case of Ag,Se in Ags;GeySes; is 0.57 (for a molar fraction of 0.63) so the average spacing
between the Ag-rich reg1ons is approximately 0.2 times their diameter. We determined the average dlameter of the
Ag,Se crystallites using x-ray diffraction (XRD) techniques on blanket samples of Ag-diffused GesoSeso . The
average diameter of these regions was in the order of 7.5 nm, which means that by equation 3 above, they should be
separated by approximately 1.5 nm of glassy Ge-rich material. This general structure has been confirmed by high
resolution transmission electron microscopy (TEM). We have also performed XRD analysis on a sulfide-based ternary
with similar stoichiometry, Ags;Ge;;S4s, with much the same results. In this case, the Ag,S crystallites were in the
order of 6.0 nm in diameter”. We assume much the same nano-morphology exists in the case of Cu-doped films and
are working to confirm this. It is important to note that the metal-rich phases are superionic mixed conductors (with
resistivity as low a 2 x 10 Q.cm in the case of Ag,Se 24) but the backbone material separating these conducting
regions is a poor conductor so the overall resistivity of the electrolyte is high, typically well in excess of 100 Q.cm.
The distinctive nanostructure of this material leads to ideal characteristics in the context of switching devices as the
high overall resistivity provides a high off resistance and the abundance of mobile ions is critical for rapid and stable
resistance lowering.

When an oxidizable metal anode and an electrochemically inert cathode are formed in contact with a layer of a
solid electrolyte, an applied voltage of a few hundred mV will reduce ions to form an electrodeposit of metal atoms
(Ag" + e — Ag) and inject ions into the electrolyte via oxidation at the anode (Ag — Ag' + ¢’). The Ag-rich regions
within the ternary electrolyte will act as local ion supplies for the electrodepositon process and it is likely that growth
will first occur in the high resistivity (>10° Q.cm) glassy regions between them where the electric field is highest. This
growth of the electrodeposit within the glassy solid is possible due to its void-rich, semi-flexible structure. The ions
from the Ag-rich regions will be replaced via the ion current from the oxidizable electrode to preserve charge
neutrality and electrons will be supplied from the negative electrode, mostly by way of the highly conducting growing
electrodeposit. In the case of electrodeposition that is limited to a relatively small number of metallic bridges between
crystallites, the overall resistance of the conducting pathway will be dominated by the resistivity of the superionic
regions. An on resistance in the order of 20 kQ in a 50 nm thick electrolyte would require a conducting region less
than 10 nm in diameter for a Ag-Ge-Se electrolyte material. In the case where the electrodeposit dominates the
pathway, i.e., the electrodeposted metal volume is greater than that of the superionic crystallites in the pathway, the
electrodeposit resistivity (which is in the tens of pQ.cm range) will determine the on resistance. In this case, a 10 nm
diameter pathway will have a resistance in the order of 100 Q. This means that the diameter of the conducting
pathway will not exceed 10 nm for typical programming conditions which require on state resistances in the order of a
few kQ to a few tens of kQ. The small size of the conducting pathway in comparison to the device area explains why
on resistance has been observed to be independent of device diameter, whereas off resistance increases with
decreasing area®. An electrodeposit this small means that the entire device can be shrunk to nanoscale dimensions
without compromising its operating characteristics. This has been demonstrated by the fabrication of nanoscale
devices as small as 20 nm that behave much like their larger counterparts®*®. The other benefit of forming a small
volume electrodeposit is that it takes little charge to do so. The atomic dens1ty of Ag is 58 atoms/nm’ so, in an
extreme case, if half the volume of a sub-10 nm diameter 50 nm long conducting region was pure Ag, only a few fC of
Faradaic charge would be required to form a low resistance pathway.

The ions at the electron-supplying cathode will be reduced first and the site with the highest field and best ion
supply will be favored for growth so that the electrodeposit extends out from the cathode, most likely at a single



location. Once the electrodeposit has grown from the cathode to the anode, the overall resistance of the device drops
greatly. The decreasing resistance due to electrodeposition increases the current flowing through the device until the
current limit of the source is reached. At this point, the voltage drop falls to the threshold for electrodeposition and the
process stops, giving the final resistance value. Note that the electrodeposition threshold is actually lower than the
initial “write” threshold as the voltage required to sustain electrodeposition is lower once an electrodeposit has started
to form. To illustrate device operation, figures 1(a) and 1(b) give current-voltage and resistance-voltage plots
respectively for a 240 nm diameter W/Ag-Ge-S/Ag device with a 60 nm thick electrolyte which has been annealed at
300 °C *. The voltage sweep runs from -1.0 V to +1.0 V to -1.0 V and the current limit is 10 pA. The write threshold
depends on the electrode and electrolyte composition; for this material combination it is 450 mV (the threshold is 250
mV for W/Ag-Ge-Se/Ag devices). At this voltage, the device switches at from an off-state resistance, Rog, above 10"
Q2 to an on-state resistance, R, = 22 kQ, more than six orders of magnitude lower for the 10 pA programming current.
The apparent rise in resistance following switching is caused by the current limit control in the measurement
instrument (an Agilent 4155C semiconductor parameter analyzer). Once electrodeposition is initiated, the threshold
for further electrodeposition is decreased, as indicated by the presence of a lower voltage (220 mV) at which the
current drops below the current limit on the negative-going sweep. Ry, is determined by this voltage divided by the
current limit (see below). The device transitions to a high resistance state at -250 mV and this is due to the initial
breaking of the electrodeposited pathway by the reverse current flow. Continuing the negative sweep, the off
resistance remains above 10'' Q as the voltage is swept out to -1.0 V with a leakage current of less than 10 pA at
maximum reverse bias.
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Figure 1. (a) Current—voltage plot of a 240 nm diameter device with a 60 nm thick Ag-Ge-S electrolyte using a 10 pA
current limit. The device has been annealed at 300 °C. Voltage sweep is -1.0 V to +1.0 V to -1.0 V. (b) Resistance-voltage
plot of the same device. Voltage sweep is -1.0 V to +1.0 V to -1.0 V (from ref. 4).

Figure 2 illustrates the dependence of Ry, on the })rogramming current limit, I, in the range 1 to 10 pA for a
W/Ag-Ge-Se/Ag device with a 50 nm thick electrolyte’. For this electrolyte/electrode combination, the write threshold
is 240 mV and the electrodeposition threshold is 140 mV. R, is related to Lrog by Ron = 0.14/I,, (the solid line in the
figure). This relationship between electrodeposition voltage, programming current, and on resistance is common to all
material combinations. It is explained by the fact that as long as sufficient potential difference is maintained for the
situation where electrodeposition is already underway, in this case 140 mV, the reduction of silver ions will continue
and the decrease in the resistance of the conducting bridge will be maintained even after it has formed. If the external
current source is limited, once the resistance falls to a point where the voltage drop is no longer sufficient to support
electrodeposition, the resistance lowering process ceases. The resulting resistance in ohms is therefore given
approximately by the minimum potential to sustain electrodeposition in volts divided by the current limit of the
external supply in amps.

The electrodeposit is electrically connected to the cathode and so it can supply electrons for subsequent ion
reduction, effectively harvesting ions from the electrolyte, plating them onto its surface to extend itself forward. This
means that the growing electrodeposit is always within a few nm of a source of ions in the electrolyte. For thin



electrolyte films, most of the applied voltage will be dropped across the polarized region where electrodeposition
occurs. Since this is only a few tens of nm thick in these electrolytes, the field for an applied voltage of a few hundred
mV will be in the order of 10° V/cm. Ion mobility at such fields can be in the order of 10 ¢cm*V.s * and so the ions
will join the growing electrodeposit at a velocity around 1 m/s, which also corresponds to the rate of the advancing
growth front. Given this growth velocity, the intrinsic switching time of these devices will be 1 ns/nm of bridgeable
path which is mostly the total length of the high resistivity regions in the electrolyte. Considering this, a device with
an electrolyte around 50 nm thick will switch from its high resistance state to an electrodeposit-bridged low resistance
state within a few tens of ns.
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Figure 2. On-state resistance vs. programming current for a 1 pm diameter W/Ag-Ge-Se/Ag device. The resistance value in
Q is approximately 0.14 divided by the current in A (solid line), (from ref. 3).

The switching speed of a 500 nm diameter W/Ag-Ge-Se/Ag device with a 50 nm thick electrolyte is illustrated in
figure 3, which shows both measured and simulated device results for write (figure 3(a)) and erase (figure 3(b))
operations” . For the write, a 150 ns pulse of 600 mV was applied to the device and the output of the transimpedance
measurement amplifier shows that the device initially switches in less than 20 ns, ultimately reaching an on resistance
of 1.7kQ at the end of the write pulse. For the erase, a 150 ns pulse of -800 mV was applied and the output of the
transimpedance measurement amplifier shows that the device transitions to a high resistance state (the start of the
voltage decay in the output signal) in around 20 ns. This confirms the theoretical switching speed.
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Figure 3. (a) Result of a 150 ns write pulse of 600 mV applied to a 500 nm W/Ag-Ge-Se/Ag device showing the output of
the transimpedance measurement amplifier. The final on resistance is 1.7kQ. (b) Result for a 150 ns erase pulse of -800 mV
on the same device showing the output of the transimpedance measurement amplifier. Lab_in and Lab_out are the measured
input and output signals and Sim_in and Sim_out are the corresponding model generated curves, (from ref. 27).



The electrodeposit is essentially metal that has been added to a chemically saturated electrolyte and this local
supersaturation leads to high stability of the electrodeposit and excellent device retention characteristics. Figure 4
shows the results of a retention assessment test on a 2.5 um diameter W/Ag-Ge-S/Ag device with a 60 nm thick
electrolyte annealed at 300 °C, programmed using a 0 to +1.0 V sweep. The plot gives the off and on resistance
measured using a 200 mV read voltage. The off state was in excess of 10'" Q (above the limit of the measurement
instrument) and remained undisturbed by the read voltage at this level for the duration of the test. The on resistance
remained below 30 kQ during the test. Following this test, the device was erased using a 0 to -1.0 sweep and the off
state resistance measured using a 200 mV sensing voltage as before. The device remained above 10'° Q beyond 10 s,
demonstrating that the erased state was also stable. Other work has show that both on and off states are also stable at
elevated temperature, with a margin of several orders of magnitude being maintained even after 10 years at 70 °C *.

Note that if the electrodeposit is made positive with respect to the oxidizable electrode of the growth process, the
electrodeposit itself is the anode and will dissolve via oxidation. During this dissolution, charge balance is maintained
by electrodeposition of metal onto the oxidizable electrode. Once the electrodeposit has been completely dissolved,
the erase process self-terminates. It is the asymmetry of the structure that allows cycling of the devices between a high
resistance off state and a low resistance on state and thereby allows them to operate as high endurance memory
elements. Figure 5 gives an example of cycling for a 75 nm Ag-Ge-Se electrolyte device™. Trains of positive (write)
pulses of 1.2 V in magnitude and 1.6 usec duration followed by -1.3 V negative (erase) pulses 8.7 psec long were
used to cycle the devices. These parameters were chosen to overcome the considerable parasitics of the test set-up. A
10 k< series resistor was used to limit current flow in the on state. The results are shown in 10° and 10" cycle range.
The data in figure 5 shows that there might be a slight decrease in on current but this is gradual enough to allow the
devices to be taken well beéyond 10" write-erase cycles (if this decrease is maintained, there will only be a 20%
decrease in on current at 10" cycles).
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Figure 4. Off- (upper plot) and on-state (lower plot) resistance vs. time measured using a 200 mV read voltage for a 2.5 um
W/Ag-Ge-S/Ag device programmed using a 10 pA current limit. Off-state resistance remained above 10" Q for the
duration of the test.

4. CONCLUSIONS

This paper has reviewed resistance change devices based on solid electrolytes. The nano-heterogeneous (nano phase-
separated) nature of ternary electrolytes leads to excellent device characteristics, including high off resistance and a
fast transition to a stable low resistance on state. A reduction in resistance of several orders of magnitude is attainable
for a write power as low as 250 nW (1 pA program current in Ag-Ge-Se devices). The on resistance is a function of
write current, which makes multi-level cell operation with simple sensing schemes a possibility, and extrapolated
retention results suggest that the reduced resistance (with a large off to on ratio) will persist for over 10 years.
Simulated and measured results show that the devices write and erase within 20 ns and further scaling, especially in
the vertical dimension, is likely to result in even greater programming speeds. Note that write times in the order of a
few tens of nsec mean that the write energy is less than 100 fJ, which makes PMC one of the lowest energy non-
volatile memories. Even sub-100 nm devices show excellent endurance with no significant degradation to over 10'



cycles with stable operation indicated well beyond this. The low resistivity and small size of the electrodeposits mean
that the entire device can be shrunk to nanoscale dimensions without compromising operating characteristics. The
physical scalability, combined with low voltage and current operation, suggests that extremely high storage densities
will be possible. The other benefit of forming a small volume electrodeposit is that it takes little charge to do so — in
the order of a few fC to create an extremely stable low resistance link. The charge required to switch a PMC element
to a non-volatile state is therefore comparable to the charge required for each refresh cycle in a typical DRAM.
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Figure 5. Current in the on (upper plot) and off (lower plot) state at various numbers of cycles for a 75 nm Ag-Ge-Se device.
The device was cycled using trains of positive (write) pulses of 1.2 V in magnitude and 1.6 psec duration followed by -1.3
V negative (erase) pulses 8.7 usec long. The solid line is a logarithmic fit to the on current data (from ref. 22).
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