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A comparison of the asymmetric OFF-state current-voltage characteristics between Cu/ZnO/Pt and
Cu/ZnO/Al-doped ZnO (AZO) electrochemical metallization memory (ECM) cells demonstrates
that the Cu filament rupture and rejuvenation occur at the ZnO/Pt (or AZO) interface, i.e., the
cathodic interface. Therefore, the filament is most likely to have a conical shape, with wider and
narrower diameters formed at the anodic and cathodic interfaces, respectively. It is inferred that the
filament growth starts at the anode surface and stops at the cathode surface. Our results indicate
that oxide-based ECM cells strongly differ from sulfide- and selenide-based ones in the resistive
switching mechanism. © 2012 American Institute of Physics. [doi:10.1063/1.3683523]

As a denser, faster and less energy-consuming non-vola-
tile memory, which is based on resistive switching (RS)
effects, resistance random access memory (RRAM) has
attracted increasing attention.' Especially, electrochemical
metallization memory (ECM) cells, typically based on the
migration of Ag or Cu ions, are promising, due to their matu-
rity with respect to industrialization and the proven scalabil-
ity potential.”> The ECM cell consists of an electrode made
from an electrochemically active electrode (AE) metal, such
as Ag or Cu, an electrochemically inert counter electrode
(CE), such as Pt, Ir, W, or Au, and a thin film of a solid elec-
trolyte sandwiched between both electrodes.® Besides the
“classical” binary sulfides*® and selenides’'® and the ter-
nary glassy sulfides''™'? as a solid electrolyte, various oxides
such as ZnO,'* ' W03, Si0,,""% Ta,0s5' Ti0,,?
7r0,, % and Al,05,%* amorphous Si (Ref. 25) and C (Ref.
26) have been also employed.

For the RS mechanism of ECM cells, the most widely
accepted hypotheses is as follows,>® using Cu as the AE
(anode) and Pt as the CE (cathode) metal: (i) anodic disso-
lution of Cu according to the reaction Cu— Cu?t + Ze™,
where Cu”" represents the Cu™ or Cu**; (ii) drift of the
Cu”" cations across the solid-electrolyte film under the
high electric field; (iii) reduction and electro-crystallization
of Cu on the CE surface according to the reaction Cu”" +
Ze  — Cu. The electro-crystallization process leads to the
formation of a metal filament. After the filament has grown
sufficiently far to make a contact to the opposite Cu elec-
trode, the cell has switched to the ON-state. (iv) A sufficient
voltage of opposite polarity is applied and the electrochemi-
cal dissolution of the metal filament switches the cell to its
initial OFF-state. Steps (i)—(iii) represent the overall
“Electroforming” or “SET” process, whereas step (iv) indi-
cates the “RESET” process. Based on the above hypotheses,
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one could deduce that (1) the filament growth starts at the
CE surface and stops at the AE surface, therefore, the final
filament is highly likely to have a conical shape, where
wider and narrower diameters are formed at the cathodic
and anodic interfaces, respectively; (2) owing to the conical
filament shape, it is most likely that the filament rupture
and rejuvenation occur at the weakest position along its
length, i.e., the anodic interface.?’

Metal filament formation and rupture are clearly
observed in ECM cells based on Ag/As,S;/Au,®® Ag/Ag—
Ge—Se/Ni,29 and Cu—GeS/Pt-Ir (Ref. 30) structures, giving
direct evidence for the hypotheses described above. Thus,
the hypothesis seems tenable in sulfide- and selenide-based
ECM cells. Does it apply to oxide-based ECM cells? It is
extremely important to clarify this point since the ambigu-
ousness of RS mechanism has severely restricted the devel-
opment of oxide-based RRAMs. Although there are quite a
few references'*?1*? showing physical evidence of metallic
filament formation and rupture in oxide-based cells, several
points concerning this filamentary mechanism remain
unclear, for example, the exact region where filament rupture
and rejuvenation occur.

In our previous study,15 it has been proven that the RS
of Cu/ZnO/Pt sandwiches originates from the formation/rup-
ture of nano-scale Cu filament. In this letter, a comparison of
asymmetric current-voltage (/-V) characteristics in the OFF-
state between Cu/ZnO/Pt and Cu/ZnO/Al-doped ZnO (AZO)
ECM cells demonstrates that the metal filament rupture and
rejuvenation occur at the cathodic interface, i.e., ZnO/Pt (or
AZ0) interface. The filament is highly likely to have a coni-
cal shape, where wider and narrower diameters are formed at
the anodic (Cu) and cathodic (Pt or AZO) interfaces, respec-
tively. It can be inferred from the filament shape that the fila-
ment growth starts at the AE (Cu) surface and stops at the
CE (Pt or AZO) surface. Therefore, the RS mechanism of
oxide-based ECM cells is much different from that of sul-
fide- and selenide-based ones, likely originating from the

© 2012 American Institute of Physics
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difference of the ion diffusion coefficient between oxides
and sulfides and selenides.

Polycrystalline ZnO thin films of thickness 50 nm were
deposited on Pt/Ti/Si0,/Si and AZO (resistivity ~10~* Q
c¢m)/Si0, substrates at room temperature (RT) by rf magne-
tron sputtering in Ar/O, ambient using a ceramic ZnO
talrget.33_35 Cu top electrodes (AE or anode) of diameter
100 um were deposited at RT by electron-beam evaporation.
The I-V characteristics of the Cu/ZnO/Pt and Cu/ZnO/AZO
structures were measured at RT in air using a Keithley 4200
semiconductor parameter analyzer. During the measurement
in voltage sweeping mode, the positive bias was defined by
the current flowing from the top to the bottom (CE or cath-
ode) electrode, and the negative bias was defined by the op-
posite direction.

Figures 1(a) and 1(c) illustrate the typical /-V character-
istics of the Cu/ZnO/Pt and Cu/ZnO/AZO ECM cells,
respectively. Both cells show abrupt SET and RESET proc-
esses. Figures 1(b) and 1(d) show the enlarged OFF-state [-V
curves of the Cu/ZnO/Pt and Cu/ZnO/AZO cells, respec-
tively. The important feature of Figs. 1(b) and 1(d) is the
asymmetry of both /-V curves with respect to the bias volt-
age. It is interesting that for the Cu/ZnO/Pt cell, the current
at a positive bias voltage is lower than that under a negative
bias, whereas in the case of the Cu/ZnO/AZO cell, the cir-
cumstance is just the reverse. Note that such asymmetries are
highly reproducible. In the case of the Cu/ZnO/Pt cell, more
than 500 /-V curves have been examined, only 18 curves do
not exhibit such an asymmetry as is shown in Fig. 1(b). As
for the Cu/ZnO/AZO cell, more than 200 /-V curves have
been examined, only 19 curves do not exhibit such an asym-
metry as is shown in Fig. 1(d).

In order to understand the intrinsic meaning of different
asymmetric /-V characteristics in the OFF-states of Cu/ZnO/
Pt and Cu/ZnO/AZO, we first need to discuss the ideal /-V
of the various possible OFF-states of the ECM cells. Many
speculations are found in the literature concerning the mor-
phology of the metal filament. Often, there are results which
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seem to indicate exactly one filament.>>%’ Furthermore, in
ECM cells, the filament rupture and rejuvenation always
occur at a localized position.”?” The ideal /-V characteristics
of the ON-state and three possible OFF-states (i.e., OFF-1,
OFF-2, and OFF-3) of Cu/ZnO/Pt (or AZO) cells are sche-
matically illustrated in Fig. 2. Figure 2(a) shows Ohmic
behavior of the ON-state of the ECM cells where the metal
filament connects the AE and CE. Compared to the ON-
state, [-V characteristics of the OFF-state are more compli-
cated. Figures 2(b)-2(e) illustrate schematic /-V curves of
three possible OFF-states of the memory cells where the
switching may occur at three different positions, i.e., Cu/
ZnO interface (OFF-1), middle part of the ZnO film (OFF-
2), and ZnO/Pt (OFF-3 (Pt)) or ZnO/AZO (OFF-3 (AZO))
interface. In the OFF-state, [-V characteristics of the device
are dominated by the insulating gap (i.e., ZnO) sandwiched
between the electrode and remaining metal filament (OFF-1
and OFF-3, i.e., Cu/gap/Cu and Cu/gap/Pt (or AZO), respec-
tively) or two filament segments (OFF-2, i.e., Cu/gap/Cu).
Under the circumstances of OFF-1 and OFF-2, the structures
correspond to two back-to-back symmetric Schottky barriers
(SBs) at Cu/gap junctions, resulting in symmetric /-V curves
with respect to the bias voltage, as schematically shown in
Figs. 2(b) and 2(c). However, in the case of OFF-3, the I-V
should be asymmetric due to different electrode materials
sandwiching the insulating gaps. For the Cu/gap (ZnO)/Pt
sandwich, i.e., OFF-3 (Pt), the corresponding band structure
is asymmetric due to different SB heights of Cu/ZnO
(~0.45eV) and Pt/ZnO (~0.75eV),*® as schematically illus-
trated in the inset of Fig. 2(d). When a bias voltage is
applied, one SB is under reverse bias, while the other is for-
ward biased. The impedance will always be dominated by
characteristics of the reverse-biased SB.?” So, at a positive
bias, the impedance is dominated by the Pt/ZnO SB; while at
a negative bias, the impedance should be dominated by the
Cu/ZnO SB. Consequently, the different SB heights result in
an asymmetric /-V curve where the current at a negative bias
voltage is higher than the positive bias induced one, as

0.010(a) Cu/ZnO/Pt 0.010 (c) Cu/ZnO/AZO
0.005- 0.005- T SET
< ] 4 ‘
E 0.000 0.000
o -0.0051 |
E RESET ﬁ /1 0.005{RESET
o 0.010; 4 -0.010
-0.015-
-0.0151 . .
1.0 -05 00 05 1.0 1.5 -2 -1 0 1 2 FIG. 1. (Color online) Typical /-V charac-
0.001 0.0009 teristics of the (a) Cu/ZnO/Pt and (c) Cu/
. : ZnO/AZO ECM cells. (b) and (d) Enlarged
(b) CuiZnO/Pt (d) Cu/znO/AZO OFF-state /[-V curves of Cu/ZnO/Pt and Cu/
< < | 0.0006] ZnOJAZO cells.
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(d) OFF-3 (Pt) (e) OFF-3 (AZO)

schematically shown in Fig. 2(d). While in the case of the
Cu/gap (ZnO)/AZO sandwich, i.e., OFF-3 (AZO), the struc-
ture comprises of a Cu/ZnO SB and a ZnO/AZO Ohmic con-
tact junction, as schematically illustrated in the inset of Fig.
2(e), since the work function of metallic AZO (4.26¢eV) is
lower than that of ZnO (4.45 eV).3®# The existence of a sin-
gle Cu/ZnO SB leads to an asymmetric /-V curve where the
current at a positive bias voltage is higher than that under a
negative bias, as schematically shown in Fig. 2(e).

By comparing /-V characteristics shown in Figs. 1 (ex-
perimental data) and 2 (schematic diagrams of ideal -V
characteristics of three possible OFF-states), one can con-
cluded that OFF-3 is the real OFF-state of Cu/ZnO/Pt (or
AZO) ECM cells, i.e., the Cu filament rupture and subse-
quent rejuvenation occur at the ZnO/Pt (or AZO) interface.
The cases of OFF-1 and OFF-2 can be excluded. Considering
that the filament is always ruptured at the weakest position
along its length,>**” the Cu filament should have a conical
shape, where wider and narrower diameters are formed at the
anodic (AE, i.e., Cu) and cathodic (CE, i.e., Pt or AZO)
interfaces, respectively, as schematically illustrated in Fig.
3(d). Actually, such conical metal filament shape has been
directly observed by transmission electron microscopy in
Ag/ZnO/Pt ECM cells.'* It can be inferred from the conical

+ +

Cu

Cu

Zn0O

Pt or AZO

Pt or AZO gl Pt or AZO

(b)

(a) (c)

(d)

FIG. 2. (Color online) Schematic ideal -V
characteristics of the (a) ON-state and
(b)—(e) three possible OFF-states (i.e., OFF-
1, OFF-2, and OFF-3) of the Cu/ZnO/Pt (or
AZO) ECM cells. The insets schematically
illustrate the ON-state and three possible
OFF-states of the cells and the correspond-
ing band diagrams of the insulating gaps
(i.e., ZnO) sandwiched between Cu elec-
trode and Cu filament (OFF-1), Cu filaments
(OFF-2), and Cu filament and Pt (OFF-3
(Pt)) or AZO (OFF-3 (AZO)) electrode.

(c) OFF-2

filament shape that the Cu filament growth starts at the AE
(Cu)/ZnO interface and stops at the CE (Pt or AZO) surface.
The overall filament formation process (i.e., Electroforming
process) is schematically illustrated in Figs. 3(b)-3(d). The
subsequent schematic RESET and SET processes are pre-
sented in Figs. 3(e) and 3(f), and 3(g), respectively. For the
RESET process with a negative bias voltage applied to the
AE (Cu), the filament near the ZnO/CE interface with the
highest electrical potential is electrochemically dissolved,
switching the device to an OFF-state. The following SET
process only needs to rejuvenate the previously ruptured fila-
ment segment, resulting in a lower SET voltage compared to
the Electroforming process.

Based on the analysis above, we can conclude that the
RS mechanism of oxide-based ECM cells is much different
from that of sulfide- and selenide-based ones. It has been
reported that compared to oxides, sulfides and selenides can
allow faster ion transport due to the long-range disorder in
these materials.*'** For sulfide- and selenide-based ECM
cells, Cu ions reach the counter electrode in a very short
time under the high electric field, which are reduced on the
counter electrode surface. Thus, Cu filaments grow from the
counter electrode to the active electrode. However, in the
case of oxide-based cells, it will take a longer time for Cu

+

Pt or AZO

(e) () (9)

FIG. 3. (Color online) Schematic (a) pristine state, (b)—(d) Electroforming process, (e) and (f) RESET process, and (g) SET process of the Cu/ZnO/Pt (or
AZO) ECM cells. Note that the voltage for Electroforming should be higher than that for SET.
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ions to transport from the active electrode to the counter
electrode since oxides have a Cu ion diffusion coefficient
smaller than that of sulfides and selenides. Cu ions are apt to
be reduced before they reach the counter electrode resulting
in a filament growth direction from the active electrode to
the counter electrode.

In summary, we have investigated the asymmetric /-V
characteristics in the OFF-state of Cu/ZnO/Pt and Cu/ZnO/
AZO ECM cells. The results indicate that the Cu filament
rupture and rejuvenation occur at the cathodic interface, i.e.,
ZnO/Pt (or AZO) interface. Considering that the filament is
always ruptured at the weakest position, the metal filament
should have a conical shape, where wider and narrower
diameters are formed at the anodic (Cu) and cathodic (Pt or
AZ0) interfaces, respectively. It is inferred that the filament
growth starts at the Cu electrode surface and stops at the Pt
or AZO surface.
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