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It has been reported that in chalcogenide-based electrochemical metallization (ECM)
memory cells (e.g., AsyS3:Ag, GeS:Cu, and Ag,S), the metal filament grows from
the cathode (e.g., Pt and W) towards the anode (e.g., Cu and Ag), whereas filament
growth along the opposite direction has been observed in oxide-based ECM cells
(e.g., ZnO, ZrO,, and Si0;). The growth direction difference has been ascribed to a
high ion diffusion coefficient in chalcogenides in comparison with oxides. In this
paper, upon analysis of OFF state /-V characteristics of ZnS-based ECM cells,
we find that the metal filament grows from the anode towards the cathode and the
filament rupture and rejuvenation occur at the cathodic interface, similar to the case
of oxide-based ECM cells. It is inferred that in ECM cells based on the chalcogenides
such as As;S3:Ag, GeS:Cu, and Ag,S, the filament growth from the cathode towards
the anode is due to the existence of an abundance of ready-made mobile metal ions
in the chalcogenides rather than to the high ion diffusion coefficient. © 2015 Au-
thor(s). All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4921089]

I. INTRODUCTION

Electrochemical metallization (ECM) memory cells, based on Ag or Cu ion migration-induced
resistive switching (RS), has attracted increasing attention due to its superior advantages of sim-
ple structure, super-high density, high operation speed, and compatibility with the complementary
metal oxide semiconductor (CMOS) process.'> The ECM cell consists of an insulator layer sand-
wiched between two electrodes, in which one is made from an electrochemically active electrode
(AE) metal, such as Ag or Cu, and the other is a counter electrode (CE), such as Pt, Ir, W, or Ag.3'4
Till now, a large number of ECM cells have been reported, employing various insulating materials
such as chalcogenides,s‘13 oxides, 424 amorphous Si (Refs. 25 and 26) and C,2730 and organic
materials.?!?

For the RS mechanism of ECM cells, the most widely accepted hypothesis is as follows,'™
with Cu as the AE (anode) and Pt as the CE (cathode) metal: (i) anodic dissolution of Cu; (ii)
drift of the Cu ions across the insulator film; (iii) reduction and electro-crystallization of Cu on
the CE surface, leading to the formation of a conical filament with the base and the tip located at
the cathodic and the anodic interfaces, and switching the cell ON; (iv) electrochemical dissolution
at the weakest point along the length of the filament, i.e., near the anodic interface as a sufficient
opposite polarity voltage is applied, switching the cell OFF. Steps (i)—(iii) represent the “Forming”
or “SET” process, whereas step (iv) is the “RESET” process. The formation/rupture of metal
filaments have been directly observed in chalcogenide-based ECM cells (e.g., Ag/As,S3:Ag/Au,>
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Ag/GeSe:Ag/N i,34 Pt:Ir/GeS:Cu/Pt:Ir,> and Ag/AgrS/W (Ref. 36)), providing direct evidence to this
hypothesis. However, in our previous work,’ a different filament growth mode has been proposed for
Cu/ZnO/Pt ECM cells, i.e., the filament grows from the AE (Cu) towards the CE (Pt), and the filament
rupture and rejuvenation occur at the cathodic interface. More importantly, metal filament growth
corresponding to this mode has been directly observed in oxide-based ECM cells (e.g., Cu/ZrO,/Pt,*
Ag/Si0,/Pt,>% Ag/SiOo/W,!” and Ag/SiO,/p*-Si (Ref. 41)). The filament growth mode variance has
been attributed to a low ion diffusion coefficient in oxides in comparison with sulfides and selenides.

In this work, we study the RS mechanism of ZnS-based ECM cells. Surprisingly, the results
reveal that in such sulfide-based devices, the metal filament rupture/rejuvenation occurs at the
cathodic interface, and thus the filament very likely grows from the anode towards the cathode,
similar to the case of oxide-based ECM cells. This study suggests that in As,S3:Ag-,>* GeSe:Ag-,**
GeS:Cu-,*® and Ag,S-based (Ref. 36) ECM cells, the filament growth from the cathode towards the
anode is due to the existence of an abundance of ready-made mobile metal ions in the chalcogenides
rather than to the high ion diffusion coefficient.

Il. EXPERIMENT

ZnS thin films with a thickness of ~100 nm were deposited on Pt/Ti/SiO,/Si and ITO (In,O3:Sn,
resistivity ~10™* Q cm) coated glass substrates at room temperature (RT) by rf magnetron sputtering
in Ar ambient using a ceramic ZnS target. The ZnS film structure was examined by X-ray diffrac-
tion (XRD). Cu top electrodes (AE or anode) with a diameter of 30 and 100 um were deposited
on ZnS films at RT by electron-beam evaporation. The cells with 100 um top electrodes were used
for I-V measurement, whereas the cells with 30 um top electrodes for conducting atomic force
microscopy (CAFM) measurement. /-V characteristics of the Cu/ZnS/Pt and Cu/ZnS/ITO ECM
cells were measured at RT in air using a Keithley 4200 semiconductor parameter analyzer. During
the measurement, the positive bias was defined as the current flowing from the top to the bottom
(CE or cathode) electrode, and vise versa. Before the CAFM measurement, the cells underwent an
Electroforming process followed by removing the Cu electrodes using adhesive tape.

lll. RESULTS AND DISCUSSION

The XRD pattern of ZnS thin films presents a weak diffraction peak at 20 = 28.7° corre-
sponding to cubic (111) or hexagonal (002) reflection of ZnS. Given that low temperature growth
of ZnS results in the cubic structure,*>*’ this peak can be assigned to cubic ZnS (111) plane.
The XRD pattern indicates that the as-grown ZnS has a polycrystalline structure. Given that
Cu/(ZnS)( §(Si03).o/TiW (Ref. 44) and Cu/Zng 3Cdy 7S/Pt (Ref. 8) sandwiches have been reported
to exhibit bipolar RS resulting from the formation/rupture of Cu filaments, it could be reasonably
deduced that a similar RS mechanism will work in our ZnS-based devices. The Electroforming
voltages of the Cu/ZnS/Pt and Cu/ZnS/ITO cells are ~1.3 and ~2 V, respectively.

Figures 1(a) and 1(b) show the AFM and CAFM images for Cu/ZnS/Pt after the Electroforming
operation, respectively. Before the measurement, the Cu top electrode was removed by adhesive tape.
Nearly all the Cu has been dislodged from the ZnS film surface except a small spike as marked by
the blue arrow (Fig. 1(a)), where an abrupt current increase is observed correspondingly (Fig. 1(b)).
The small spike is speculated to be Cu coming from the electrode since it is highly conductive. As
we know, once a complete Cu filament forms, a high current flows through the filament inducing
large amounts of Joule heat which significantly accelerates the inter-diffusion of Cu atoms at the
filament/electrode interface. It is similar to a welding process thus resulting in incomplete separation
of the filament and the electrode. Note that after removing the Cu electrode, bulges can be clearly
observed around the edge of the region previously occupied by the electrode (Fig. 1(a)). It has been
reported that compared to the central area of the Cu electrode, the margin of the Cu electrode is apt
to be oxidized to Cu(OH), in air.*’ Therefore, the bulges are likely dominated by Cu(OH), which is
difficult to be removed by adhesive tape compared to Cu. We can thus conclude that only a single
complete Cu filament forms after the Electroforming operation for Cu/ZnS/Pt ECM cells.
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(a)

(b)

0
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FIG. 1. (a) AFM and (b) CAFM images for Cu/ZnS/Pt after the Electroforming operation. The Cu top electrode was removed
by adhesive tape. A low voltage of 50 mV was used to prevent resistance state change of the sample. The blue arrows show
the position where the surface morphology and current change abruptly.

Figures 2(a) and 2(c) present the typical /-V characteristics of the RESET (ON-to-OFF switch-
ing) and subsequent SET (OFF-to-ON switching) processes for Cu/ZnS/Pt and Cu/ZnS/ITO ECM
cells, respectively. Both cells show bipolar RS behavior. Figures 2(b) and 2(d) highlight the OFF
state -V curves of Cu/ZnS/Pt and Cu/ZnS/ITO, respectively. The important feature of Figs. 2(b)
and 2(d) is the asymmetry of both /-V curves with respect to the bias voltage. We see that for
Cu/ZnS/Pt, the current demonstrates a clear rectifying effect with a higher current value in the
negative voltage branch, whereas in the case of Cu/ZnS/ITO, the circumstance is just the reverse.
Since Joule heating plays an important role in the RESET, ECM cells can also be operated in the
unipolar RS mode although the endurance is very poor.**” Figure 3 shows the I-V characteristics
of the unipolar RS and corresponding OFF state /-V asymmetry for both cells. The asymmetry is
found to be similar to that in the bipolar RS mode. For both cells operated in the bipolar or unipolar
mode, the ON/OFF current ratio varies in a wide range from 10 to ~108.

To interpret the OFF state /-V asymmetry variance between Cu/ZnS/Pt and Cu/ZnS/ITO, we
first need to discuss the ideal /-V of the various possible OFF states of the ECM cells. It is always
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FIG. 2. Typical I-V characteristics of the RESET and subsequent SET processes for (a) Cu/ZnS/Pt and (c) Cu/ZnS/ITO
ECM cells. The insets show the curves on a linear scale. (b) and (d) highlight the corresponding OFF state curves.
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FIG. 3. Typical I-V characteristics of the unipolar RS for (a) Cu/ZnS/Pt and (c) Cu/ZnS/ITO ECM cells. The insets show the
curves on a linear scale. (b) and (d) highlight the corresponding OFF state curves. To study the OFF state /-V asymmetry, the
1-V characteristics in the negative voltage branch were also measured after the cells were RESET to the OFF state (step 5).
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FIG. 4. Schematic ideal I-V characteristics of three possible OFF states of Cu/ZnS/Pt (or ITO) ECM cells. The insets
schematically illustrate three possible OFF states and the corresponding band diagrams of the insulating gaps (i.e., ZnS)
sandwiched between two Cu filament segments (a), Cu electrode and Cu filament (b), and Cu filament and Pt (c) or ITO (d)
electrode.

considered that the conducting filament rupture/rejuvenation occurs at a localized position.!~ The
I-V characteristics of three possible OFF states of Cu/ZnS/Pt (or ITO) cells are schematically
illustrated in Fig. 4. In the OFF state, /-V characteristics are governed by the insulating gap (ZnS)
sandwiched between the electrode and the remaining metal filament (Figs. 4(b)-3(d)) or two fila-
ment segments (Fig. 4(a)). As shown in Figs. 4(a) and 4(b), the Cu/gap/Cu structures consist of
two back-to-back symmetric Schottky barriers (SBs) at Cu/gap junctions, inducing symmetric /-V
curves with respect to the bias voltage. As for Cu/gap/Pt, the band structure is asymmetric due to
different SB heights of Cu/ZnS (~0.75 eV) and ZnS/Pt (~1.75 eV), as schematically illustrated in
the inset of Fig. 4(c). Herein, the SB heights are estimated from the differences between the electron
affinity of ZnS (~3.9 eV) and the work functions of electrode metals (4.65 eV for Cu and 5.65 eV
for Pt).*® When a bias voltage is applied, one SB is under reverse bias, while the other is forward
biased simultaneously. The whole impedance is always dominated by the reverse-biased SB.*’ For
Cu/gap/Pt, the impedance is determined by the ZnS/Pt SB at a positive bias; while at a negative bias,
the impedance is determined by the Cu/ZnS SB. The different SB heights result in a rectifying I-V
curve with a higher current value in the negative voltage branch, as shown in Fig. 4(c). While in
the case of Cu/gap/ITO, the asymmetric band structure results from different SB heights of Cu/ZnS
(~0.75 eV) and ZnS/ITO (~0.4 eV), as schematically shown in the inset of Fig. 4(d). Herein, the
SB height of ZnS/ITO is estimated from the difference between the electron affinity of ZnS and the
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FIG. 5. Schematic (a) pristine state, (b)—(d) Electroforming process, (¢) RESET process, and (f) SET process of Cu/ZnS/Pt
ECM cells. Cu?* represents copper ions, where Z = 1 or 2.

work function of ITO (~4.3 eV for ITO cleaned by Ar ion sputtering).”® The impedance is deter-
mined by the ZnS/ITO SB at a positive bias; while at a negative bias, the impedance is determined
by the Cu/ZnS SB. The different SB heights result in a rectifying /-V curve with a higher current
value in the positive voltage branch, as shown in Fig. 4(d).

By comparing -V characteristics shown in Figs. 2, 3, and 4, it can be reasonably concluded
that the rupture and rejuvenation of Cu filament occur at the ZnS/Pt (or ITO) interface. Given that
the filament is apt to be ruptured at the weakest position along its length,'~>3! it very likely has a
conical shape, with the base and the tip located at the anodic (AE, Cu) and the cathodic (CE, Pt or
ITO) interfaces, respectively. It follows that the filament is most likely to grow from the anode to-
wards the cathode. The complete filament formation process (i.e., Electroforming) is schematically
illustrated in Figs. 5(b)-5(d). The subsequent schematic RESET and SET processes are shown in
Figs. 5(e) and 5(f), respectively. For the RESET process with a negative (or positive) bias voltage
applied to the AE, the filament near the cathodic interface is dissolved by Joule heating assisted
electrochemical reactions, switching the device OFF. The following SET process only needs to
rejuvenate the previously ruptured filament segment, giving rise to a lower SET voltage compared to
the Electroforming process.?’” The inferred growth direction of Cu filament in Cu/ZnS/Pt is similar
to that in oxide-based ECM cells.!”*”*! The formation of the Cu filament may result from the
bipolar electrochemical mass transfer of Cu nanoclusters in ZnS.!7#!

As mentioned previously, the As,S3:Ag-,** GeSe:Ag-,>* GeS:Cu-,* and Ag,S-based (Ref. 36)
ECM cells show metal filament growth with a direction from the cathode towards the anode,
totally opposite to the filament growth direction in ZnS-based ECM cells. It is unlikely that such
filament growth direction variance is attributed to a difference in ion diffusion coefficient. The
important feature of As,S3:Ag efc. is that these chalcogenides themselves contain a large number
of ready-made movable Cu or Ag ions. Figure 6 schematically presents the overall RS process for

QOO ) 900000 ¢ DONNG 6600606000000 ) QOO ) 0000008 N QOO 000 X0 QOO )90 0000000000000 0 ¢ X0 ».0)
CX XX X XXX (00000000000 (XXX JXX XXX (XXX XXX XXX (XXX S XXX XX CX XXX XX XXX
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FIG. 6. Schematic (a) pristine state, (b)—(d) Electroforming process, (¢) RESET process, and (f) SET process of
Cu/chalcogenide/Pt ECM cells, where the chalcogenide itself contains an abundance of ready-made movable Cu ions (Cu?™,
Z=1or?2).
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such chalcogenide-based ECM cells, with Cu as the anode metal and dopant and Pt as the cathode
metal. As applying an appropriate positive voltage to the anode, Cu ions in the electrolyte will drift
towards the cathode. Owing to an abundant quantity as well as a short migration distance, the ions
near the cathode will get to this electron-supplying electrode rapidly and then be reduced to Cu
atoms by capturing electrons. As the Cu concentration approaches supersaturation, inhomogeneous
nucleation occurs (see Fig. 6(b)).*6 The nucleus grows forward by harvesting ions until touching the
anode, as illustrated in Figs. 6(c) and 6(d). At the same time, to maintain charge neutrality, Cu ions
are injected into the chalcogenide via oxidation at the anode.>> The subsequent RESET and SET
will occur at Cu/chalcogenide interface, as illustrated in Figs. 6(e) and 6(f). Based on the discussion
above, we can conclude that in As;S3:Ag-,** GeSe:Ag-,** GeS:Cu-,>> and Ag,S-based (Ref. 36)
ECM cells, the opposite filament growth direction (from the cathode towards the anode) should be
due to the existence of a large number of ready-made movable Ag or Cu ions in the chalcogenides
rather than to a high ion diffusion coefficient.?’

IV. CONCLUSIONS

We have investigated the different asymmetry of [/-V characteristics in the OFF state of
Cu/ZnS/Pt and Cu/ZnS/ITO ECM cells. The results indicate that the Cu filament rupture and reju-
venation occur at the ZnS/Pt (or ITO) interface, i.e., the cathodic interface. The filament most
likely has a conical shape, with the base and the tip located at the anodic and the cathodic
interfaces, respectively. It follows that the filament is likely to grow from the anode towards the
cathode, much different from the case of chalcogenide-based ECM cells where the chalcogenides
(e.g., As;S3:Ag, > GeSe:Ag,** GeS:Cu,> and Ag,S (Ref. 36)) contain an abundance of ready-made
mobile cations, i.e., Cu or Ag ions.
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