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words, Boltzmann statistics dictate that, to change the current in a 
MOSFET by one order of magnitude, one must apply a minimum 
of 60 millivolts. In order to sustain the future exponential growth of 
semiconductor electronics, it is imperative to explore novel physical 
principles that can go beyond this Boltzmann limit.

Material systems with internal order could play a critical role in 
this regard. This is based, in particular, on the fact that a correlated 
material has a large degree of order and, hence, a much lower entropy. 
Thus, if the state of such a material could be switched from one low-
entropy state to another low-entropy state, the total change in free 
energy (and thereby the energy dissipation) could be much lower, 
even below the otherwise fundamental limit of NkBTln 2, where N is 
the number of state variables participating in the switching process, 
kB is the Boltzmann constant and T is the temperature10. In addition, 
in correlated materials such as ferroelectrics and insulator–metal 
phase transition materials, the state transition could occur through 
a subtle change in electronic configuration facilitated via collective 
interactions (for example, electron–electron or electron–lattice). 
Therefore, the switching timescale could, in principle, be very fast, 
thereby dramatically improving the energy-latency figure of metric.

One example of a sub-Boltzmann field-effect transistor is a neg-
ative-capacitance ferroelectric FET (FeFET; Fig. 2a). A ferroelectric 
material stores energy from phase transition and in doing so it lends 
itself to be biased at a state where its capacitance is negative11,12. 
When such a negative capacitance is added in series to the gate of a 
transistor, it is possible to reduce the subthreshold swing below the 
thermal limit of 60 mV per decade without modifying the transport  
physics of the FET. Not having to change the transport physics 

means that the ON current can be high while the supply voltage can 
be reduced simultaneously. The negative capacitance can essentially 
amplify the applied gate voltage electrostatically, a phenomenon that 
we call the amplified field effect. Experimental demonstrations have 
shown improved subthreshold swing and short channel effects in 
transistors that utilize the negative capacitance effect. For instance, 
negative-capacitance field-effect transistor (NCFET) operation in a 
commercially viable 14 nm node FinFET platform has been demon-
strated, showing wafer-scale integration and functional ring oscilla-
tors operating at high speed13. This suggests that there is a plausible 
pathway for NCFETs for beyond-Boltzmann operation in a high-
performance integrated circuit framework.

Complementing the concept of negative capacitance FeFet, 
another sub-Boltzmann FET — called phase FET (PFET) — has 
been proposed based on abrupt insulator-to-metal phase transitions 
(IMT) in correlated oxides (Fig. 2b). In IMT materials that exhibit 
strong correlation, such as VO2 (ref. 14), the collective response to 
external perturbation (temperature, pressure and electrical stimulus)  
manifests in the form of ‘melting’ of carriers, causing a remark-
able electronic phase transformation where the electrons localized 
at atomic sites change to an itinerant state. This phase transforma-
tion amplifies the free-carrier concentration and, in the case of VO2, 
manifests as a sharp rise in conductivity up to five orders in magni-
tude at ! 340 K. Similar to the negative capacitance effect in FeFets, 
the PFET exploits the negative differential resistance induced across 
the correlated material as the abrupt phase transition takes place. 
This creates an internal carrier amplification effect that facilitates 
steep switching in PFET beyond the Boltzmann limit and leads to 
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Fig. 1 | Three eras of CMOS technology scaling. Past, present and future trend of transistor density scaling, depicting three distinct eras of scaling: 
geometric (or classical) scaling, equivalent (or effective) scaling, and hyper-scaling (or functional diversification). Proportional scaling of the various 
aspects of the transistor such as gate oxide, junctions, channel doping and physical gate length characterized the era of geometric scaling. The equivalent 
scaling era saw the introduction of unconventional materials such as silicon–germanium, hafnium-based high-! dielectric and non-planar device structures 
such as FinFETs that scaled the effective mobility, the electrical gate oxide thickness and the effective transistor width, respectively. In the future, 
innovations in materials, devices with both logic and memory functions and heterogeneous integration technologies will enable the era of hyper-scaling in 
advanced electronics. Litho., lithography; BEOL, back end of line; ALD, atomic layer deposition.
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impact of the depolarization field arising from the underlying 
channel capacitance on the retention characteristics of the FeFETs. 
Figure 3 summarizes the key device parameters of all the embedded 
memory candidates.

It is fair to say that the optimum eNVM is yet to be determined, 
but its importance for future data-abundant computing cannot be 
stressed enough. A suitable high-density eNVM with logic compat-
ible programming and erase voltages, fast enough write and read 
time and high enough endurance will be a critical resource for 
hyper-scaling, complementing today’s SRAM-based memory.

In many cases, it is possible to take a further step in trying to 
blur the boundary between the logic and the memory, and embed 
computation within the memory itself. For example, the inherent 
parallelism of the cross-point memory architecture (applicable for 
PCRAM, RRAM and FeFET) lends itself to efficient matrix–vector 
multiplication — a basic compute function for learning deep rep-
resentations across a variety of datasets. A subset of these eNVM 
devices (for example, RRAM and FeFET) display multiple stable 
conductance states and can be exploited to implement analogue 
weight cells supporting high-precision weight stores and updates, 
which can significantly accelerate the online learning rate at the 
hardware level. Learning is the most computationally heavy task in 
today’s at-scale deep neural networks — with a multitude of hid-
den layers — and takes a lot more computational resource than that 
required for inference.

Future research will also focus on how to exploit the stochastic 
aspect of some of the emerging non-volatile memory devices such 
as STT-MRAM, RRAM and FeFETs. The idea is to extend their 
applications beyond traditional machine learning. Here, the goal is 
to emulate the biologically plausible neurosynaptic dynamics spe-
cifically targeting unsupervised learning. Research should lead to 
a more in-depth understanding of how to exploit their switching 
dynamics, particularly the stochastic nature of state transition, to 
implement neuromorphic computational primitives, such as long-
term and short-term plasticity, stochastic weight updates, and leaky 
integrate and fire neurons, with the ultimate goal of deploying large-
scale neuro-inspired and neuromimetic compute engines.

Exploring the third dimension
The ability of hardware to scale efficiently and effectively through 
the addition of resources to meet the demand of future computing 

workloads involves not only adding memory-containing layers close 
to or on top of logic, but adding extra layers of logic on top of logic25. 
Broadly speaking, there are two process integration approaches, 
parallel and sequential, to add additional layers of logic. The TSV 
technology is an example of the parallel integration scheme. In this 
scheme, the stacked wafer is processed separately and subsequently 
mounted on top of another processed wafer. The logic blocks reside 
in parallel to each other on the top and the bottom wafers, which are 
then electrically coupled using high-aspect-ratio TSVs. The TSV 
size, pitch and alignment tolerance restricts the 3D parallel integra-
tion granularity to the level of logic blocks (each block containing a 
few thousand transistors). On the other hand, in the 3D sequential 
scheme, the transistors are processed in situ sequentially on top of 
the bottom transistors. Needless to say, the 3D sequential integra-
tion scheme offers much flexibility to fully explore and exploit the 
potential of the third dimension by connecting two stacked layers at 
the granularity of a single transistor scale. Sequential monolithic 3D 
integrated circuits provide inter-layer via density that is about two 
to three orders of magnitude more dense than the TSV density. This 
results in shorter wires and mitigates the wire-related communica-
tion energy and latency problems.

There are several fundamental barriers that need to be overcome 
to make 3D sequential CMOS a reality for next-generation micro-
systems. Although devices at the bottom layer are fabricated with 
traditional fabrication processes, the fabrication of transistors in 
the upper layers are challenging since the electrical quality of the 
devices fabricated in the upper layers under a reduced thermal bud-
get need to be ensured (less than 450 °C), whereas the electrical per-
formance of the high-performance transistors in the bottom layer 
cannot be compromised.

There are two approaches to realizing sequential monolithic 3D 
integrated circuits. In the first approach, layer transfer technology 
— similar to the ‘smart cut’ process used to produce silicon-on-
insulator wafers — is used to stack thin silicon device layers. Here, 
the inter-layer vias need to pass through the active layer, and, hence, 
can be much smaller than conventional TSVs, leading to extremely 
high via density. In another approach, the active layers are depos-
ited and crystallized in situ in selective areas using back-end-of-
line compatible processing steps. Compared to the layer transfer 
approach, the in situ selective active area growth approach is more 
cost effective. The ultimate cost–benefit analysis for monolithic 3D 
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Fig. 3 | Embedded volatile and non-volatile memory. Key device parameters and performance metrics comparing various embedded memory 
candidates28–41. FG, floating gate; FE, ferroelectric; GST, GeSbTe; F, feature size; N, number of stacked layers.
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but does not affect ReRAM, at least as long as cell sizes are
larger than the filament size (estimated to be G 5 nm) at
low operating current conditions.

2) Forming: The as-fabricated ReRAM cells need an
initial electroforming step to create the filament. This ty-
pically requires higher voltages and substantial time, espe-
cially for VCM-type ReRAM. The higher voltage can cause
problems due to high voltage degradation effects of driving
transistors, while long forming times are too costly to im-
plement during postfabrication wafer testing. As the initial
step of the forming process is analogous to a (soft) dielectric
breakdown, the voltage scales with thickness of the active
layer. Reducing this layer thickness reduces the forming
voltage, eventually to become similar to the set switching
voltage [52]. However, such low forming voltage may lead
to new filament formation at each set cycle, with unstable
multifilament switching as a result [67]. Moreover, while
the detailed forming conditions are shown to strongly affect
reliability properties as retention [68], the detailed physical
processes occurring during forming are still not understood
completely.

For ECM-type cells, the findings look somewhat differ-
ent in that reset seems to (nearly) completely eliminate
the formed filament (with HRS value equal to the initial
preforming resistance), while also forming/set voltages
are lower.

3) Cell Selector: For the bipolar switching ReRAM (dif-
ferent from unipolar switching PCM), a diode cannot be
used as a selector, and one needs a device showing strong
nonlinear conduction in both polarities. Different two-
terminal selector elements have been presented [7], how-
ever so far no selector element has been found fulfilling all
requirements of current drive, nonlinearity, and reliability
in advanced scaled (10 nm) integration technology.

D. Three-Dimensional RRAM
Stacking 2-D cross-point arrays of ReRAM has been

presented [see Fig. 16(a)] as one possible way exploiting the
third dimension to increase the memory density per unit
area of silicon. By sharing of intermediate electrode levels,

this approach can be cost effective, however only for a
restricted number of levels as critical process steps (such as
memory element patterning) have to be repeated at each
level.

On the other hand, ‘‘true’’ 3-D integration approaches
are proposed as VRRAM [69]; see Fig. 16(b). In these ap-
proaches which are similar to the bit cost scaling (BICS)
3-D nand Flash concept [37], critical patterning steps are
performed only once for all memory layers together, allow-
ing for cost-effective multilayer ReRAM. One of the key
factors for making 3-D ReRAM successful is the develop-
ment of ALD-based material technology for ReRAM stack
fabrication, not only for the active layer but also for the
(vertical) electrode material.

The selector issue becomes in particular problematic for
3-D ReRAM, however, as there is no space to stack a selector
element together with the ReRAM element, and fur-
thermore, the intermediate electrode would also shorten
the cell. The only possibility is to develop ReRAM cell with
built-in selector properties (see Section III-E2a). On the
other hand, the string length in the vertical dimension of
such a 3-D array will always be limited to a few tens of cells,
reducing the nonlinearity requirements compared to large
and symmetric 2-D cross-point arrays.

E. New Insights and Developments

1) Role of Defect-Type and Oxide Material Properties
a) VCM versus ECM cells: ECM and VCM cells show

some important differences in their behavior. Recently
more insight has been obtained in understanding these
differences. The physical mechanism governing the switch-
ing of ECM cells is now well understood together with the
kinetics in different voltage–time regimes [70]. Important
is the fact that (fast) switching does not require a thermal
acceleration, allowing for low current operation. This also
may allow a more or less complete, only field-driven, fila-
ment annihilation during reset resulting in the high reset
resistance equal to the pristine cell. ECM cells indeed ty-
pically show a higher resistance ratio, because of a deeper
reset. The low current switching behavior also shows less
variability than VCM cells, which has been attributed to the

Fig. 16. Three-dimensional ReRAM by (a) vertical stacking of 2-D arrays, and (b) ‘‘true’’ 3-D processing (reproduced with permission from [69]).
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potentiation (or depression). The results indicate that 50
analog synaptic weight states can be precisely controlled
(trained) according to P/D-pulse inputs. The cell conductance
returned to its initial value after equal numbers of P-pulses
and D-pulses were received. This device shows concurrent
inhibitory and excitatory synaptic plasticity with minimal
!uctuation, which is inherently different from the conven-
tional "lamentary synapses [10–16]. The cell conductance of
the "lamentary synapses is modulated by connecting and
rupturing a small number of defects in a localized nanocon-
striction gap [30, 31]. The conductance modulation in our
device can be explained by the homogeneous barrier mod-
ulation of TaOx induced by uniform oxygen ion migration
under a bipolar electric "eld [20–24]. Because the current
conduction is homogeneous, the device is less susceptible to
the localized randomness of ion migration. The cell con-
ductance is scaled proportionally with the device area
[21, 22], which implies that a high-density synaptic array with
low cell conductance (i.e., low power consumption) can be
realized by scaling the device area. Furthermore, similar
synaptic characteristics were observed in both the top and
bottom cells, suggesting the density of the synaptic array can

Figure 1. (a) Optical microscope image of a 4! 4 3D two-layer Ta/TaOx/TiO2/Ti cross-point synaptic array; the contact pads to the Ta
vertical and Ti horizontal electrodes are indicated. (b) Illustration of the 3D neural network in the human brain. The human brain contains
more than 1011 neurons connected through 1015 synapses. (c) Schematic of the 3D two-layer Ta/TaOx/TiO2/Ti cross-point array.
Presynaptic neurons (connected to Ti) communicate with postsynaptic neurons (connected to Ta) through synaptic cells at the sidewalls in
this 3D network. (d) Zoomed-in schematic of the 3D Ta/TaOx/TiO2/Ti synaptic device located at the sidewall. Two Ti horizontal electrodes
are cladded by SiO2. The top and bottom cells are indicated. Each cell consists of two parallel subcells located on both sides of the pillar. The
total effective device area between the cross point of the Ti horizontal electrode and the Ta vertical electrode at the two pillar sidewalls was
20 !m2.

Figure 2. Synaptic potentiation and depression characteristics of the
3D Ta/TaOx/TiO2/Ti synapse from (a) the top cell and (b) bottom
cell. P-pulse, D-pulse, and read pulse used in the measurement were
+3 V /5 ms, !3 V /5 ms, and !1.5 V /1 ms, respectively. The
analog synaptic weight can be precisely controlled in both cells. (c)
Cycling endurance of the device during repeated potentiation and
depression cycles with a total of 5000 training pulses. The device
showed reproducible synaptic characteristics with little conductance
drifting.
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*Other modes: unipolar, threshold (complementary), rectifying (diode-like), & non-polar.
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0.2, 0.4, and 0.8 Pa). All devices were highly transparent with a
transmittance of 80% at 550 nm. The average transmittance (in
the visible-light region) of all devices was only approximately
1% less transparent than that of the substrate, as shown in
Figure 1(b), which indicates that the device structure is
suitable for making invisible-wearable electronic applications.
The details of the fabrication and characterization methods are
provided in the Supporting Information. The electrical
characteristics of the devices were analyzed by using a
semiconductor device analyzer (B1500 Agilent Technologies
Inc.). A voltage bias was used at the top electrode, and the

bottom electrode was ground, while the current compliance
was maintained at 1 mA during the positive bias sweep.
The typical I!V curves of the ZnO devices that were made

with various sputtering pressures are shown in Figures 2(a!d).
Low-pressure devices (0.11 and 0.2 Pa) were able to switch
from a pristine resistance state (PRS) to a low-resistance state
(LRS, on), which is termed a forming process. However, an
attempt to switch o! the devices resulted in permanent
damage. The use of a negative bias of !2 V on the 0.11 Pa
device leads to a lower resistance state (breakdown type 1).
The use of a negative bias of !5 V on the 0.2 Pa device leads

Figure 1. (a) ZnO "lm growth rate at various working-pressure conditions. The inset shows the cross-sectional transmission electron image of the
AZO/(0.2 Pa)ZnO/ITO/PEN (polyethylene naphthalate)!substrate device structure. (b) Transmittance of fabricated devices made with various
working pressures in the visible-light region. Insets show a schematic of the device structure, photographs of the devices, and the average
transmittance of the devices in the visible-light region.

Figure 2. Typical I!V curves of devices made at (a) 0.11, (b) 0.2, (c) 0.4, and (d) 0.8 Pa. Inset in (a) shows the optical image of a 0.11 Pa device
after breakdown. Inset in (b) shows the optical image of the 0.2 Pa device after breakdown and negative bias sweep with various voltages. Inset in
(d) shows the I!V curve and set and reset of the 0.8 Pa device. (e) Endurance characteristics of 0.4 and 0.8 Pa devices and (f) statistical analysis of
(e). (g) Retention and (h) stress performance of 0.2 and 0.4 Pa devices. Synaptic characteristics of (i) 0.2, (j) 0.4, and (k) 0.8 Pa devices.
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oxygen accumulated at the AZO/ZnO interface, indicating
an oxygen-rich layer. Similar oxygen diffusion toward the

top electrode after deposition has also been observed in

devices with a metal top electrode [28]. This diffusion may
have been detected because of the oxygen vacancy con-

centration gradient between the two films. A higher con-

centration of oxygen vacancy in AZO fabricated using a
lower pressure resulted in more oxygen being withdrawn

from ZnO. Therefore, the increased oxygen deficiency in

ZnO increased the conductivity of the ZnO film.
To confirm the oxygen withdrawing phenomena in ZnO,

current–voltage (I–V) sweeps on a pristine device with

different top electrode sizes were investigated. Figure 5c
shows a log–log plot of the first I–V sweep of a pristine

1.2AZO device with top electrode diameters of 150, 250,

and 350 lm. No initial resistance state was observed for
1.2AZO devices fabricated with larger electrodes, which

may have withdrawn more oxygen from the resistive layer;

consequently, the oxygen vacancy defect concentration
below the electrode was increased and high leakage was

observed.

Statistical analysis was used to elucidate the trend of the
memory window [29]. Figure 6a shows the cumulative

probability plots of the HRS distribution. The statistical

distributions demonstrate that the HRS resistance increased
as the oxygen vacancy concentration of the top electrode

decreased. Figure 6b shows the cumulative probability
plots of set voltage (Vset) distribution. The range of the Vset

of all devices was within 1.2–1.9 V, which indicates minor

dependency of Vset on different top electrodes. However,
the statistical dispersion may represent the relationship

between switching parameters [30, 31]. Figure 6c shows

the coefficient of variation (r/l) (where r is the standard
deviation and l is the mean value) of Vset and HRS dis-

tributions. The lower value of r/l means a narrower dis-

tribution of the parameter [29]. The results showed that the
Vset distribution becomes narrower when the HRS distri-

bution is tighter. The statistical analysis indicated that

devices fabricated using a higher pressure top electrode
tend to have a wider distribution. This phenomenon may be

caused by a higher surface roughness at the AZO/ZnO

interface because of the high sputtering power.
The dispersion of switching parameters on the Vset and

Roff was dependent on the damage at the top electrode/

resistive layer interface [32]. Under high sputtering power
condition, a larger voltage drop is present across the

plasma and substrate, resulting in more ionized species

bombard the growing surface, thus causing more damage to
the growing surface and also increasing the surface

roughness of the resistive layer [32]. Nevertheless, devices

fabricated with a lower pressure top electrode exhibited a
narrow Vset and HRS dispersion, possibly because of the

Table 2 Thickness, sheet
resistance, and resistivity value
of AZO deposited on a glass
substrate and ITO/glass

Sample code Thickness (nm) Sheet resistance (X/h) Resistivity (910-3 X cm)

1.2AZO/glass 541 70.42 3.813

2.4AZO/glass 514 133.9 6.889

6AZO/glass 464 317.5 14.75

12AZO/glass 338 505 17.096

ITO/glass 320 15 0.48

Fig. 5 a TEM image of the
2.4AZO/ZnO/ITO structure,
b EDS line scan of a, and c the
log–log plot of the I–V sweep of
the pristine 1.2AZO device with
a top electrode diameter of 150,
250, and 350 lm (Color figure
online)
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where ZnxZn, O
x
o, Zn

oo
i , Voo

O , and e0 are a neutral charge of a Zn
ion in a zinc site, a neutral charge of an O ion in an O site, a
doubly positive charge of a Zn ion in an interstitial site, a
doubly positive charge of an O vacancy, and a singly nega-
tive charge of an electron, respectively. Despite the origin of
the self-doping mechanism being debatable, Znooi and Voo

o
defects are often believed to be responsible for n-type con-
ductivity in ZnO.6,26 An XPS analysis was conducted to elu-
cidate the defects’ chemistry of ZnO induced by Co doping.

Figure 3(a) shows XPS spectra of Co2p core levels. 2p3/2

and 2p1/2 doublet peaks exhibited shake-up resonance transi-
tion at higher binding energy. The binding energy difference
between Co 2p1/2and Co 2p3/2 is 15.55 eV, and there is no
sign of a shoulder at lower energy side of 2p3/2, indicating
that Co2! is incorporated into the ZnO matrix and that a Co
cluster is absent in the deposited film.20,21 By assuming non-
stoichiometric CoKOc (where K " c) that also takes place in
the reaction occurring during film growth, therefore, the possi-
ble defects equations for generation of defects caused by Co
dopant with oxidation states of doubly positive charge can be
expressed as follows:

CoKOc !
XZnO

KCoxZn ! KOx
o ! #c$ K% #O00i ! 2ho%; (3)

CoKOc !
YZnO

KCoxZn ! cOx
o ! #c$ K% #V00Zn ! 2ho%; (4)

where CoxZn, O
00
i , V

00
Zn, and ho are a neutral charge of Co ion

in a Zn site, a doubly negative charge of an O ion in an in-
terstitial site, a doubly negative charge of a Zn vacancy,
and a singly positive charge of a hole, respectively.
According to these equations, introducing the Co dopant
may create defects that can compensate electrons. These
compensator defects may trap electrons that are emitted by
Voo
o and Znooi in the Co-doped ZnO, and hence, introduce

more insulating behavior.20

Cation defects play a crucial role in the switching mecha-
nism in oxide based resistive memory. Studies have suggested
that percolated cation defects may form conducting filaments
(CF) under electrochemical reaction.27,28 Therefore, to

understand the cation related defects, XPS spectra of O1s core
levels, shown in Figure 3(b), were analyzed. O1s core level
peak is fitted with three Gaussian-resolved peaks at low, me-
dium, and high binding energies, as suggested by the amount
of oxygen in fully oxidized regions (OI), oxygen in deficient
regions (OII), and absorbed oxygen (OIII%, respectively.29 It is
found that OII is prominent. This indicates that abundant Voo

o

are present in all CZO films. The Voo
o concentration decreases

as the Co dopant content increased [Figure 3(d)]. This tend-
ency also means that the concentration of O00 in the resistive
switching layer increases as the Co dopant content increased.
Consequently, the increase in oxygen concentration leads to
higher memory window. In addition, the Zn-related defects
were investigated by analyzing the ZnLMM Auger spectra.
Prominent shape changes in Auger peak is beneficial in identi-
fying Zn species since Zn2p3/2 peak does not always have an
obvious asymmetric feature.30 Figure 3(c) shows that the
Auger ZnL3M4.5M4.5 spectra exhibits two peaks located at
approximately 498 and 494 eV that are suggested by the
amount of Zn in oxidized regions (ZnI) and in the interstitial
regions (ZnII), respectively. Similarly, the Znooi concentration
was also found to decrease as the Co dopant increased [Figure
3(d)]. A study reported that O00i and fast diffuser Znooi defects
are unstable, and therefore, they can only exist in very low
quantities.6 Consequently, self-reaction of the generated
defects due to doping (V00Zn; O

00
i ) with native defects (Znooi ,

Voo
o ) is likely the reason for the decreased concentrations of

Znooi and Voo
o after doping.

Based on the above results, Co doping creates dominant
acceptors and suppresses the concentration of native defects,
therefore, increasing the insulating behavior of the films. As a
result, the resistances increase. The resistances of 0CZO,
2CZO, and 5CZO films are 5.1& 102, 7.6& 105, and 5.9& 106

X, respectively [inset of Fig. 3(d)]. Accordingly, devices made
with higher Co dopant concentration require higher Vf to per-
colate Voo

o and form CF [Figs. 2(a)–2(c)]. However, excessive
Co dopant concentration leads to switching instability. We
believe that the growth properties of the films strongly influ-
ence the stability. The formation and rupture of CF are con-
trolled by the path and electromigration mobility of Voo

o and
oxygen ions (O00) defects.31 These defects easily accumulate
and diffuse around microstructural defects, such as grain boun-
daries (GBs).31 Therefore, XRD [Figure 1(a)] peaks in the 2h
range of 31'$37.5' are simulated to elucidate the films’
growth; see supplementary Figure S2.24

Grain size is calculated using the Scherrer formula32 and
residual stress of the film is calculated using the following
equation:22

r ( 2C2
13 $ C33 C11 $ C12# %

2C13

d $ d0
d0

; (5)

where C13, C33, C11, and C12 are elastic constants from a sin-
gle crystalline ZnO, and d and d0 are crystalline plane spac-
ing and standard plane spacing, respectively. The 2h, full
width at half maximum (FWHM), grain size, and residual
stress are provided in Table I. 2h and FWHM decreases
while the grain size and compressive stress increases with
the increase in Co dopant concentration. These results cor-
roborate the literature.20–22

FIG. 3. XPS spectra of CZO surface from (a) Co2p and (b) O1s core levels.
(c) Auger ZnL3M4.5M4.5 spectra of CZO surface. (d) Calculated oxygen va-
cancy and Zn interstitial concentration in the CZO surface. The inset of (d)
shows the I-V curve and resistance value of the CZO films.
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Non-volatile switching can be achieved when CC is
increased to 200 !A. This operation current is found to be
lower than that of the ZnO-based ECM devices in the pre-
vious literature [18–28]. Figure 3(a) shows the typical I–V
curves of the non-volatile bipolar switching of the ST device.
The ST device operated at CC of 200 !A is denoted as ST1.
The forming, reset and set voltages are approximately 2.5, !2
and 1.1 V, respectively. The ST1 demonstrates stable endur-
ance for more than 100 switching cycles with an ON/OFF
ratio of 40 times and without showing any intermediate state,
as illustrated in !gure 3(b). In order to con!rm its non-
volatility, a retention test was carried out and its result is
depicted in !gure 3(c). It is found that both LRS and HRS of
the device can be maintained for more than 104 s at room
temperature which con!rms their non-volatility behavior. It is
also found that the ST1 is able to demonstrate a good non-
destructive readout for more than 104 s at room temperature,

as depicted in !gure 3(d). The nonvolatile switching char-
acteristic can also be observed at much lower CC (35 !A)
when the synthesis time increased to 9–10 min. However, the
switching instability exhibited in the devices is made with an
excessive surface treatment. Nevertheless, this result indicates
that the ZnO2 material can be a potential candidate for ECM
cell memory. Surface analysis was conducted to understand
the switching phenomenon in AD and ST devices.

The defects and element distributions in the switching
materials may determine the switching mechanism in elec-
trochemical metallization cell [2, 3, 6, 16, 41, 42]. Therefore,
XPS analysis is conducted to assist the understanding of the
conduction mechanism. Figure 4(a) shows the XPS spectra of
O1s core level of the surface of AD and ST !lms. The O1s is
!tted with two Gaussian peaks located at 529.65 and
531.2 eV for low (OI) and high (OII) binding energy positions,
respectively. The OI corresponds to a number of oxygen ions

Figure 1. GI-XRD pattern of (a) as-deposited and surface-treated !lms, and (c) surface-treated !lm at various incident angle. (d) Typical
cross-sectional TEM image of ST device structure. (d) and (f) high-resolution TEM images of ZnO2 and ZnO layers. (e) and (g) fast Fourier
transform (FFT) images of (d) and (f), respectively.
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approximately 50 nm. To study the crystal structure of the grown layers, XRD analysis was 49 

conducted, as shown in Fig. 1(c). Both the thin film and nanorod layers exhibited a (002)-/(101)-50 

oriented structure. We observed no additional peak of Ga2O3 or Ga:ZnO alloy second phases, 51 

indicating that gallium was successfully doped into the ZnO hexagonal matrix [22]. 52 

 53 

 54 

 55 

 56 

 57 

 58 

 59 

 60 

 61 

 62 

 63 

 64 

 65 

The electrical characteristics of the fabricated devices were studied by applying a bias voltage to 66 

the Cu top electrode and grounding the ITO bottom electrode, as depicted in the schematic in Fig. 67 

1(d). Current compliance (CC) was used to prevent device breakdown, and the negative sweep was 68 

maintained at −2 V for all devices. The current-voltage (I–V) curves of the TF pristine device at a 69 

Figure 1. SEM images of (a) PNR and (b) CNR grown on the ZnO/ITO/glass substrate. (c) XRD 
patterns of nanorods grown on the ZnO/ITO/glass substrate. (d) Schematic of Cu/nanorod/ZnO/ITO and 
Cu/ZnO/ITO devices. Insets in (a) and (b) show the cross section and top-view images. 
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conversely, the filament starts to rupture gradually (due to
the recombination with oxygen ions) upon applying electrical
pulses with the opposite polarity (D1 and D1+x ; D stands for
depression and x for pulse number), known as depression.

The identical pulse scheme is commonly proposed to eval-
uate the synaptic plasticity of the memristor synapses [12].
The rise time of each amplitude is kept as 1 µs. The poten-
tiation has been performed with an identical pulse of 1.2-ms
pulsewidth and operated at 1.1 V which acts as the potentiation
pulse sequence. It is similar for the depression pulse train of
!1.4-V amplitude and width of 1.2 ms. Both the potentiation
and depression pulses use read pulsewidth and amplitude
of 1 ms and ±0.4 V, respectively, as typically shown in
Fig. 2(b). After repeating the set pulse sequence for 320 times,
we achieve a conductance state variation from 125 to 325 µs
during potentiation as shown in Fig. 2(c). Similarly, after
applying the reset pulse sequence for 320 times, we achieve a
decrease in conductance, that is, depression of the resistive
synapse from 325 to 125 µs as shown in Fig. 2(d). The
conductance of the potentiation and depression quickly reaches
their saturation range after 100 pulse numbers, indicating
that the potentiation and depression behaviors induced by the
single-identical pulses (SP) scheme [Fig. 2(b)] are not effective
to train the device with higher pulse number. The ability of the
artificial synapse to show gradual potentiation and depression
with a high number of training pulses as well as to show
high linearity is important to achieve efficient neuromorphic
computing [25]. Interestingly, the synaptic plasticity can be
enhanced using double-identical pulses (DP) scheme; instead
of using the SP scheme. Therefore, we use two amplitudes
while maintaining the same amplitude at the SP scheme, and
the schematic description of the DP schemes and the linearity
result are shown in Fig. 3. The rise time of each amplitude is
kept as 1 µs for all the pulsing schemes.

As calculated, the synaptic nonlinearity under the SP
scheme [Fig. 3(a)] is calculated to be 0.83. However, the
synaptic nonlinearity for the potentiation and depression pulses
using low (0.6 and !0.8 V) and then high (1.0 and !1.2 V)
amplitudes, respectively, for (L-H DP) is 0.44, and the synaptic
nonlinearity using high (1.0 and !1.2 V) and then low (0.6 and
!0.8 V) amplitudes, respectively (H-L DP), increases to 0.64.
Nevertheless, both the DP schemes give close to unity linearity
when compared with the conventional SP scheme, indicating
more DP scheme is most suitable for the neural network
than the SP one. To evaluate the reliability of the synaptic
plasticity, we conducted training under the various schemes,
SP, L-H DP, and H-L DP, as shown in Fig. 4. A training
epoch consists of one set of potentiation followed by one set
of depression. It is found that the DP schemes perform superior
epoch stability for more than 10 500 pulse numbers than the SP
scheme. This is due to the rising speed of the applied voltage
affecting the effective reduction–oxidation (redox) filament
during potentiation and depression [26], thus determining the
shape of the conducting filament.

Fig. 5 depicts the filamentary mechanism of single pulsing,
L-H double pulsing, and H-L double pulsing. The rising speed
of each amplitude during potentiation for single pulsing is
1 V/µs; therefore, the applied voltage may rise too fast so that

Fig. 3. Pulse scheme and normalized conductance state for potentiation
and depression depicting the nonlinearity when operated under (a) and
(b) single pulsing scheme, (c) and (d) L-P double pulsing scheme, and
(e) and (f) H-P double pulsing scheme.

only small number of defects (oxygen vacancies taking part
during the redox process) can keep up with the voltage change.
This process leads to a sharp apex after completing a set of
a potentiation [Fig. 5(a) and (b)]. However, the introduction
of slower rising speed (0.6 V/µs, for the low amplitude)
during the potentiation of L-H double pulsing may provide
a larger number of defects to take part in the formation of
filament; thus, the size of the filament is larger with broader
apex [Fig. 5(c)] and more gradual potentiation can be achieved
[Fig. 2(d)].

The introduction of a fast-rising speed followed by a slower
rising speed, in the H-L double pulsing case, results in a
smaller size and sharper apex when compared with the L-H
double pulsing, larger, and broader filament when compared
with the single pulsing. Similarly, the depression is initiated
after a set of potentiation is completed and the oxygen ions
near the TE are repulsed and recombined with the oxygen
vacancies under the influence of the applied depression pulse.
The recombination process in the beginning of the depression
pulses (Dx , where x is approximately less than 50 pulses) is
faster in case of single pulsing due to the sharp apex [Fig. 5(e)]
which is also observed from the high conductance change
during Dx depression [Fig. 2(d)]. The filament rupturing is

approximately 4V was subsequently applied for conversion
from the IRS to a LRS. Negative bias of !2V and positive
bias of approximately 1.7V were applied to reset and set the
device, respectively. Device that underwent DF process is
labelled as DF device.

A DC endurance test was conducted to examine the
switching state distribution of both devices. The SF device
exhibited switching instability during 450 switching cycles,
whereas the DF device exhibited uniform and stable switching
performance with a LRS/HRS (ON/OFF) ratio of approxi-
mately 102 without data error, as shown in Figures 2(c) and
2(d), respectively. We believe that the difference in endurance
performance between the two devices is due to differences in
the characteristics of the conducting filaments across the ZnO
resistive layer, which are primarily determined by the forming
process. The formation and rupture of a conductive filament
are caused by percolated defects that are driven by electro-
chemical reactions and are responsible for the switching
mechanism in RRAM.24 The forming process enables the ox-
ygen in ZnO to be ionized (O2!), creating oxygen vacancies
(Vo

2"). Conducting filaments that consist of intrinsic defects
are then created to provide paths for electrons to flow through
the resistive layer.25 Conducting filament in metal oxide
RRAM devices is consisted of Vo

2" instead of metal ions;21,22

furthermore, a study reported that the formation of Vo
2" is

favorable because of their low formation energy in oxygen-
deficient metal oxide,26 besides no Zn metallic phase was
present in the resistive layer (inset of Figure 1(b)).

To understand bipolar forming, DF process was con-
ducted by using various first forming current compliances
(CC!f) when the second forming current compliance (CC"f)
was maintained at 1mA, and the results are shown in Figure
3(a).The first forming process performed using a higher
CC!f resulted in a lower second forming voltage. Although a
PRS can be converted to a LRS when CC!f is increased to
2mA, the LRS cannot be switched to an HRS, leading to de-
vice breakdown when negative bias is applied (not shown
here). The device breakdown in this state is explained as fol-
lows: during negative forming, electrochemical reaction
causes O2! ions to move toward the BE and accumulate at
the ZnO/BE interface because of repulsion charge; by con-
trast, Vo

2" are attracted to the TE and accumulate at the TE/
ZnO interface. Consequently, Vo

2" are arranged to create a
conducting filament that grows from the cathode toward the
anode.27,28 The size of the conducting filaments is deter-
mined on the basis of the applied current compliance.29,30

Low CC!f during first forming may result in an incomplete
filament, that is, 2mA of CC!f results in an oversized

filament. This oversized filament is unable to be ruptured
because of the lack of O2! ions at the TE/ZnO interface for
reducing substantial Vo

2" at the interface during a negative
reset attempt, leading to device breakdown.

Figure 3(b) shows that the conduction mechanism of IRS
is dominated by Fowler–Nordheim (FN) tunneling. A log
(I/V2) versus 1/V curve shows a perfect linear fit of FN tun-
neling at a high voltage region. A similar IRS conduction
mechanism was exhibited by our previously reported DF
TaN/ZrO2/HfO2/TiN devices.31 In addition to that, the differ-
ence in the oxygen concentration in the ZnO layer may
explain why the first forming process in DF cannot convert a
PRS to a LRS even though the first forming processes for DF
and SF devices use a similar voltage and current compliance.
In SF device, the conducting filament that grows from the BE
(cathode) easily reaches the TE and completes the formation
of the filament because the Vo

2" concentration toward the
AZO/ZnO interface is higher, as per our XPS result.
Conversely, in the first forming process for DF devices, the
conducting filament that grows from the TE (cathode) exhib-
its difficulty in reaching the BE to complete the filament
because of a lower Vo

2" concentration toward the ZnO/ITO
interface.

Figures 4(a) and 4(b) show schematics of a conduction
filament during forming, reset, and set processes for SF and
DF devices, respectively. For the SF device (Figure 4(a)),
O2! ions are attracted to the TE, and Vo

2" are repulsed to-
ward the BE and then accumulate at the ZnO/BE interface
when a positive bias is applied. We believe that several accu-
mulated Vo

2" are created along the ZnO/BE interface and
behave as seeds for the growth of conducting filaments

FIG. 3. (a) Typical I–V linear curves of
the double forming process performed
using various first forming current
compliances (CC!f). (b) Log (I/V

2)–1/V
curve with linear fit of Fowler–
Nordheim (FN) tunneling at high volt-
age region.

FIG. 4. Schematic switching mechanism of forming, reset, and set processes
for (a) SF and (b) DF devices.
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0.2, 0.4, and 0.8 Pa). All devices were highly transparent with a
transmittance of 80% at 550 nm. The average transmittance (in
the visible-light region) of all devices was only approximately
1% less transparent than that of the substrate, as shown in
Figure 1(b), which indicates that the device structure is
suitable for making invisible-wearable electronic applications.
The details of the fabrication and characterization methods are
provided in the Supporting Information. The electrical
characteristics of the devices were analyzed by using a
semiconductor device analyzer (B1500 Agilent Technologies
Inc.). A voltage bias was used at the top electrode, and the

bottom electrode was ground, while the current compliance
was maintained at 1 mA during the positive bias sweep.
The typical I!V curves of the ZnO devices that were made

with various sputtering pressures are shown in Figures 2(a!d).
Low-pressure devices (0.11 and 0.2 Pa) were able to switch
from a pristine resistance state (PRS) to a low-resistance state
(LRS, on), which is termed a forming process. However, an
attempt to switch o! the devices resulted in permanent
damage. The use of a negative bias of !2 V on the 0.11 Pa
device leads to a lower resistance state (breakdown type 1).
The use of a negative bias of !5 V on the 0.2 Pa device leads

Figure 1. (a) ZnO "lm growth rate at various working-pressure conditions. The inset shows the cross-sectional transmission electron image of the
AZO/(0.2 Pa)ZnO/ITO/PEN (polyethylene naphthalate)!substrate device structure. (b) Transmittance of fabricated devices made with various
working pressures in the visible-light region. Insets show a schematic of the device structure, photographs of the devices, and the average
transmittance of the devices in the visible-light region.

Figure 2. Typical I!V curves of devices made at (a) 0.11, (b) 0.2, (c) 0.4, and (d) 0.8 Pa. Inset in (a) shows the optical image of a 0.11 Pa device
after breakdown. Inset in (b) shows the optical image of the 0.2 Pa device after breakdown and negative bias sweep with various voltages. Inset in
(d) shows the I!V curve and set and reset of the 0.8 Pa device. (e) Endurance characteristics of 0.4 and 0.8 Pa devices and (f) statistical analysis of
(e). (g) Retention and (h) stress performance of 0.2 and 0.4 Pa devices. Synaptic characteristics of (i) 0.2, (j) 0.4, and (k) 0.8 Pa devices.
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oxygen accumulated at the AZO/ZnO interface, indicating
an oxygen-rich layer. Similar oxygen diffusion toward the

top electrode after deposition has also been observed in

devices with a metal top electrode [28]. This diffusion may
have been detected because of the oxygen vacancy con-

centration gradient between the two films. A higher con-

centration of oxygen vacancy in AZO fabricated using a
lower pressure resulted in more oxygen being withdrawn

from ZnO. Therefore, the increased oxygen deficiency in

ZnO increased the conductivity of the ZnO film.
To confirm the oxygen withdrawing phenomena in ZnO,

current–voltage (I–V) sweeps on a pristine device with

different top electrode sizes were investigated. Figure 5c
shows a log–log plot of the first I–V sweep of a pristine

1.2AZO device with top electrode diameters of 150, 250,

and 350 lm. No initial resistance state was observed for
1.2AZO devices fabricated with larger electrodes, which

may have withdrawn more oxygen from the resistive layer;

consequently, the oxygen vacancy defect concentration
below the electrode was increased and high leakage was

observed.

Statistical analysis was used to elucidate the trend of the
memory window [29]. Figure 6a shows the cumulative

probability plots of the HRS distribution. The statistical

distributions demonstrate that the HRS resistance increased
as the oxygen vacancy concentration of the top electrode

decreased. Figure 6b shows the cumulative probability
plots of set voltage (Vset) distribution. The range of the Vset

of all devices was within 1.2–1.9 V, which indicates minor

dependency of Vset on different top electrodes. However,
the statistical dispersion may represent the relationship

between switching parameters [30, 31]. Figure 6c shows

the coefficient of variation (r/l) (where r is the standard
deviation and l is the mean value) of Vset and HRS dis-

tributions. The lower value of r/l means a narrower dis-

tribution of the parameter [29]. The results showed that the
Vset distribution becomes narrower when the HRS distri-

bution is tighter. The statistical analysis indicated that

devices fabricated using a higher pressure top electrode
tend to have a wider distribution. This phenomenon may be

caused by a higher surface roughness at the AZO/ZnO

interface because of the high sputtering power.
The dispersion of switching parameters on the Vset and

Roff was dependent on the damage at the top electrode/

resistive layer interface [32]. Under high sputtering power
condition, a larger voltage drop is present across the

plasma and substrate, resulting in more ionized species

bombard the growing surface, thus causing more damage to
the growing surface and also increasing the surface

roughness of the resistive layer [32]. Nevertheless, devices

fabricated with a lower pressure top electrode exhibited a
narrow Vset and HRS dispersion, possibly because of the

Table 2 Thickness, sheet
resistance, and resistivity value
of AZO deposited on a glass
substrate and ITO/glass

Sample code Thickness (nm) Sheet resistance (X/h) Resistivity (910-3 X cm)

1.2AZO/glass 541 70.42 3.813

2.4AZO/glass 514 133.9 6.889

6AZO/glass 464 317.5 14.75

12AZO/glass 338 505 17.096

ITO/glass 320 15 0.48

Fig. 5 a TEM image of the
2.4AZO/ZnO/ITO structure,
b EDS line scan of a, and c the
log–log plot of the I–V sweep of
the pristine 1.2AZO device with
a top electrode diameter of 150,
250, and 350 lm (Color figure
online)
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where ZnxZn, O
x
o, Zn

oo
i , Voo

O , and e0 are a neutral charge of a Zn
ion in a zinc site, a neutral charge of an O ion in an O site, a
doubly positive charge of a Zn ion in an interstitial site, a
doubly positive charge of an O vacancy, and a singly nega-
tive charge of an electron, respectively. Despite the origin of
the self-doping mechanism being debatable, Znooi and Voo

o
defects are often believed to be responsible for n-type con-
ductivity in ZnO.6,26 An XPS analysis was conducted to elu-
cidate the defects’ chemistry of ZnO induced by Co doping.

Figure 3(a) shows XPS spectra of Co2p core levels. 2p3/2

and 2p1/2 doublet peaks exhibited shake-up resonance transi-
tion at higher binding energy. The binding energy difference
between Co 2p1/2and Co 2p3/2 is 15.55 eV, and there is no
sign of a shoulder at lower energy side of 2p3/2, indicating
that Co2! is incorporated into the ZnO matrix and that a Co
cluster is absent in the deposited film.20,21 By assuming non-
stoichiometric CoKOc (where K " c) that also takes place in
the reaction occurring during film growth, therefore, the possi-
ble defects equations for generation of defects caused by Co
dopant with oxidation states of doubly positive charge can be
expressed as follows:

CoKOc !
XZnO

KCoxZn ! KOx
o ! #c$ K% #O00i ! 2ho%; (3)

CoKOc !
YZnO

KCoxZn ! cOx
o ! #c$ K% #V00Zn ! 2ho%; (4)

where CoxZn, O
00
i , V

00
Zn, and ho are a neutral charge of Co ion

in a Zn site, a doubly negative charge of an O ion in an in-
terstitial site, a doubly negative charge of a Zn vacancy,
and a singly positive charge of a hole, respectively.
According to these equations, introducing the Co dopant
may create defects that can compensate electrons. These
compensator defects may trap electrons that are emitted by
Voo
o and Znooi in the Co-doped ZnO, and hence, introduce

more insulating behavior.20

Cation defects play a crucial role in the switching mecha-
nism in oxide based resistive memory. Studies have suggested
that percolated cation defects may form conducting filaments
(CF) under electrochemical reaction.27,28 Therefore, to

understand the cation related defects, XPS spectra of O1s core
levels, shown in Figure 3(b), were analyzed. O1s core level
peak is fitted with three Gaussian-resolved peaks at low, me-
dium, and high binding energies, as suggested by the amount
of oxygen in fully oxidized regions (OI), oxygen in deficient
regions (OII), and absorbed oxygen (OIII%, respectively.29 It is
found that OII is prominent. This indicates that abundant Voo

o

are present in all CZO films. The Voo
o concentration decreases

as the Co dopant content increased [Figure 3(d)]. This tend-
ency also means that the concentration of O00 in the resistive
switching layer increases as the Co dopant content increased.
Consequently, the increase in oxygen concentration leads to
higher memory window. In addition, the Zn-related defects
were investigated by analyzing the ZnLMM Auger spectra.
Prominent shape changes in Auger peak is beneficial in identi-
fying Zn species since Zn2p3/2 peak does not always have an
obvious asymmetric feature.30 Figure 3(c) shows that the
Auger ZnL3M4.5M4.5 spectra exhibits two peaks located at
approximately 498 and 494 eV that are suggested by the
amount of Zn in oxidized regions (ZnI) and in the interstitial
regions (ZnII), respectively. Similarly, the Znooi concentration
was also found to decrease as the Co dopant increased [Figure
3(d)]. A study reported that O00i and fast diffuser Znooi defects
are unstable, and therefore, they can only exist in very low
quantities.6 Consequently, self-reaction of the generated
defects due to doping (V00Zn; O

00
i ) with native defects (Znooi ,

Voo
o ) is likely the reason for the decreased concentrations of

Znooi and Voo
o after doping.

Based on the above results, Co doping creates dominant
acceptors and suppresses the concentration of native defects,
therefore, increasing the insulating behavior of the films. As a
result, the resistances increase. The resistances of 0CZO,
2CZO, and 5CZO films are 5.1& 102, 7.6& 105, and 5.9& 106

X, respectively [inset of Fig. 3(d)]. Accordingly, devices made
with higher Co dopant concentration require higher Vf to per-
colate Voo

o and form CF [Figs. 2(a)–2(c)]. However, excessive
Co dopant concentration leads to switching instability. We
believe that the growth properties of the films strongly influ-
ence the stability. The formation and rupture of CF are con-
trolled by the path and electromigration mobility of Voo

o and
oxygen ions (O00) defects.31 These defects easily accumulate
and diffuse around microstructural defects, such as grain boun-
daries (GBs).31 Therefore, XRD [Figure 1(a)] peaks in the 2h
range of 31'$37.5' are simulated to elucidate the films’
growth; see supplementary Figure S2.24

Grain size is calculated using the Scherrer formula32 and
residual stress of the film is calculated using the following
equation:22

r ( 2C2
13 $ C33 C11 $ C12# %

2C13

d $ d0
d0

; (5)

where C13, C33, C11, and C12 are elastic constants from a sin-
gle crystalline ZnO, and d and d0 are crystalline plane spac-
ing and standard plane spacing, respectively. The 2h, full
width at half maximum (FWHM), grain size, and residual
stress are provided in Table I. 2h and FWHM decreases
while the grain size and compressive stress increases with
the increase in Co dopant concentration. These results cor-
roborate the literature.20–22

FIG. 3. XPS spectra of CZO surface from (a) Co2p and (b) O1s core levels.
(c) Auger ZnL3M4.5M4.5 spectra of CZO surface. (d) Calculated oxygen va-
cancy and Zn interstitial concentration in the CZO surface. The inset of (d)
shows the I-V curve and resistance value of the CZO films.
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Non-volatile switching can be achieved when CC is
increased to 200 !A. This operation current is found to be
lower than that of the ZnO-based ECM devices in the pre-
vious literature [18–28]. Figure 3(a) shows the typical I–V
curves of the non-volatile bipolar switching of the ST device.
The ST device operated at CC of 200 !A is denoted as ST1.
The forming, reset and set voltages are approximately 2.5, !2
and 1.1 V, respectively. The ST1 demonstrates stable endur-
ance for more than 100 switching cycles with an ON/OFF
ratio of 40 times and without showing any intermediate state,
as illustrated in !gure 3(b). In order to con!rm its non-
volatility, a retention test was carried out and its result is
depicted in !gure 3(c). It is found that both LRS and HRS of
the device can be maintained for more than 104 s at room
temperature which con!rms their non-volatility behavior. It is
also found that the ST1 is able to demonstrate a good non-
destructive readout for more than 104 s at room temperature,

as depicted in !gure 3(d). The nonvolatile switching char-
acteristic can also be observed at much lower CC (35 !A)
when the synthesis time increased to 9–10 min. However, the
switching instability exhibited in the devices is made with an
excessive surface treatment. Nevertheless, this result indicates
that the ZnO2 material can be a potential candidate for ECM
cell memory. Surface analysis was conducted to understand
the switching phenomenon in AD and ST devices.

The defects and element distributions in the switching
materials may determine the switching mechanism in elec-
trochemical metallization cell [2, 3, 6, 16, 41, 42]. Therefore,
XPS analysis is conducted to assist the understanding of the
conduction mechanism. Figure 4(a) shows the XPS spectra of
O1s core level of the surface of AD and ST !lms. The O1s is
!tted with two Gaussian peaks located at 529.65 and
531.2 eV for low (OI) and high (OII) binding energy positions,
respectively. The OI corresponds to a number of oxygen ions

Figure 1. GI-XRD pattern of (a) as-deposited and surface-treated !lms, and (c) surface-treated !lm at various incident angle. (d) Typical
cross-sectional TEM image of ST device structure. (d) and (f) high-resolution TEM images of ZnO2 and ZnO layers. (e) and (g) fast Fourier
transform (FFT) images of (d) and (f), respectively.
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approximately 50 nm. To study the crystal structure of the grown layers, XRD analysis was 49 

conducted, as shown in Fig. 1(c). Both the thin film and nanorod layers exhibited a (002)-/(101)-50 

oriented structure. We observed no additional peak of Ga2O3 or Ga:ZnO alloy second phases, 51 

indicating that gallium was successfully doped into the ZnO hexagonal matrix [22]. 52 

 53 

 54 

 55 

 56 

 57 

 58 

 59 

 60 

 61 

 62 

 63 

 64 

 65 

The electrical characteristics of the fabricated devices were studied by applying a bias voltage to 66 

the Cu top electrode and grounding the ITO bottom electrode, as depicted in the schematic in Fig. 67 

1(d). Current compliance (CC) was used to prevent device breakdown, and the negative sweep was 68 

maintained at −2 V for all devices. The current-voltage (I–V) curves of the TF pristine device at a 69 

Figure 1. SEM images of (a) PNR and (b) CNR grown on the ZnO/ITO/glass substrate. (c) XRD 
patterns of nanorods grown on the ZnO/ITO/glass substrate. (d) Schematic of Cu/nanorod/ZnO/ITO and 
Cu/ZnO/ITO devices. Insets in (a) and (b) show the cross section and top-view images. 
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conversely, the filament starts to rupture gradually (due to
the recombination with oxygen ions) upon applying electrical
pulses with the opposite polarity (D1 and D1+x ; D stands for
depression and x for pulse number), known as depression.

The identical pulse scheme is commonly proposed to eval-
uate the synaptic plasticity of the memristor synapses [12].
The rise time of each amplitude is kept as 1 µs. The poten-
tiation has been performed with an identical pulse of 1.2-ms
pulsewidth and operated at 1.1 V which acts as the potentiation
pulse sequence. It is similar for the depression pulse train of
!1.4-V amplitude and width of 1.2 ms. Both the potentiation
and depression pulses use read pulsewidth and amplitude
of 1 ms and ±0.4 V, respectively, as typically shown in
Fig. 2(b). After repeating the set pulse sequence for 320 times,
we achieve a conductance state variation from 125 to 325 µs
during potentiation as shown in Fig. 2(c). Similarly, after
applying the reset pulse sequence for 320 times, we achieve a
decrease in conductance, that is, depression of the resistive
synapse from 325 to 125 µs as shown in Fig. 2(d). The
conductance of the potentiation and depression quickly reaches
their saturation range after 100 pulse numbers, indicating
that the potentiation and depression behaviors induced by the
single-identical pulses (SP) scheme [Fig. 2(b)] are not effective
to train the device with higher pulse number. The ability of the
artificial synapse to show gradual potentiation and depression
with a high number of training pulses as well as to show
high linearity is important to achieve efficient neuromorphic
computing [25]. Interestingly, the synaptic plasticity can be
enhanced using double-identical pulses (DP) scheme; instead
of using the SP scheme. Therefore, we use two amplitudes
while maintaining the same amplitude at the SP scheme, and
the schematic description of the DP schemes and the linearity
result are shown in Fig. 3. The rise time of each amplitude is
kept as 1 µs for all the pulsing schemes.

As calculated, the synaptic nonlinearity under the SP
scheme [Fig. 3(a)] is calculated to be 0.83. However, the
synaptic nonlinearity for the potentiation and depression pulses
using low (0.6 and !0.8 V) and then high (1.0 and !1.2 V)
amplitudes, respectively, for (L-H DP) is 0.44, and the synaptic
nonlinearity using high (1.0 and !1.2 V) and then low (0.6 and
!0.8 V) amplitudes, respectively (H-L DP), increases to 0.64.
Nevertheless, both the DP schemes give close to unity linearity
when compared with the conventional SP scheme, indicating
more DP scheme is most suitable for the neural network
than the SP one. To evaluate the reliability of the synaptic
plasticity, we conducted training under the various schemes,
SP, L-H DP, and H-L DP, as shown in Fig. 4. A training
epoch consists of one set of potentiation followed by one set
of depression. It is found that the DP schemes perform superior
epoch stability for more than 10 500 pulse numbers than the SP
scheme. This is due to the rising speed of the applied voltage
affecting the effective reduction–oxidation (redox) filament
during potentiation and depression [26], thus determining the
shape of the conducting filament.

Fig. 5 depicts the filamentary mechanism of single pulsing,
L-H double pulsing, and H-L double pulsing. The rising speed
of each amplitude during potentiation for single pulsing is
1 V/µs; therefore, the applied voltage may rise too fast so that

Fig. 3. Pulse scheme and normalized conductance state for potentiation
and depression depicting the nonlinearity when operated under (a) and
(b) single pulsing scheme, (c) and (d) L-P double pulsing scheme, and
(e) and (f) H-P double pulsing scheme.

only small number of defects (oxygen vacancies taking part
during the redox process) can keep up with the voltage change.
This process leads to a sharp apex after completing a set of
a potentiation [Fig. 5(a) and (b)]. However, the introduction
of slower rising speed (0.6 V/µs, for the low amplitude)
during the potentiation of L-H double pulsing may provide
a larger number of defects to take part in the formation of
filament; thus, the size of the filament is larger with broader
apex [Fig. 5(c)] and more gradual potentiation can be achieved
[Fig. 2(d)].

The introduction of a fast-rising speed followed by a slower
rising speed, in the H-L double pulsing case, results in a
smaller size and sharper apex when compared with the L-H
double pulsing, larger, and broader filament when compared
with the single pulsing. Similarly, the depression is initiated
after a set of potentiation is completed and the oxygen ions
near the TE are repulsed and recombined with the oxygen
vacancies under the influence of the applied depression pulse.
The recombination process in the beginning of the depression
pulses (Dx , where x is approximately less than 50 pulses) is
faster in case of single pulsing due to the sharp apex [Fig. 5(e)]
which is also observed from the high conductance change
during Dx depression [Fig. 2(d)]. The filament rupturing is

approximately 4V was subsequently applied for conversion
from the IRS to a LRS. Negative bias of !2V and positive
bias of approximately 1.7V were applied to reset and set the
device, respectively. Device that underwent DF process is
labelled as DF device.

A DC endurance test was conducted to examine the
switching state distribution of both devices. The SF device
exhibited switching instability during 450 switching cycles,
whereas the DF device exhibited uniform and stable switching
performance with a LRS/HRS (ON/OFF) ratio of approxi-
mately 102 without data error, as shown in Figures 2(c) and
2(d), respectively. We believe that the difference in endurance
performance between the two devices is due to differences in
the characteristics of the conducting filaments across the ZnO
resistive layer, which are primarily determined by the forming
process. The formation and rupture of a conductive filament
are caused by percolated defects that are driven by electro-
chemical reactions and are responsible for the switching
mechanism in RRAM.24 The forming process enables the ox-
ygen in ZnO to be ionized (O2!), creating oxygen vacancies
(Vo

2"). Conducting filaments that consist of intrinsic defects
are then created to provide paths for electrons to flow through
the resistive layer.25 Conducting filament in metal oxide
RRAM devices is consisted of Vo

2" instead of metal ions;21,22

furthermore, a study reported that the formation of Vo
2" is

favorable because of their low formation energy in oxygen-
deficient metal oxide,26 besides no Zn metallic phase was
present in the resistive layer (inset of Figure 1(b)).

To understand bipolar forming, DF process was con-
ducted by using various first forming current compliances
(CC!f) when the second forming current compliance (CC"f)
was maintained at 1mA, and the results are shown in Figure
3(a).The first forming process performed using a higher
CC!f resulted in a lower second forming voltage. Although a
PRS can be converted to a LRS when CC!f is increased to
2mA, the LRS cannot be switched to an HRS, leading to de-
vice breakdown when negative bias is applied (not shown
here). The device breakdown in this state is explained as fol-
lows: during negative forming, electrochemical reaction
causes O2! ions to move toward the BE and accumulate at
the ZnO/BE interface because of repulsion charge; by con-
trast, Vo

2" are attracted to the TE and accumulate at the TE/
ZnO interface. Consequently, Vo

2" are arranged to create a
conducting filament that grows from the cathode toward the
anode.27,28 The size of the conducting filaments is deter-
mined on the basis of the applied current compliance.29,30

Low CC!f during first forming may result in an incomplete
filament, that is, 2mA of CC!f results in an oversized

filament. This oversized filament is unable to be ruptured
because of the lack of O2! ions at the TE/ZnO interface for
reducing substantial Vo

2" at the interface during a negative
reset attempt, leading to device breakdown.

Figure 3(b) shows that the conduction mechanism of IRS
is dominated by Fowler–Nordheim (FN) tunneling. A log
(I/V2) versus 1/V curve shows a perfect linear fit of FN tun-
neling at a high voltage region. A similar IRS conduction
mechanism was exhibited by our previously reported DF
TaN/ZrO2/HfO2/TiN devices.31 In addition to that, the differ-
ence in the oxygen concentration in the ZnO layer may
explain why the first forming process in DF cannot convert a
PRS to a LRS even though the first forming processes for DF
and SF devices use a similar voltage and current compliance.
In SF device, the conducting filament that grows from the BE
(cathode) easily reaches the TE and completes the formation
of the filament because the Vo

2" concentration toward the
AZO/ZnO interface is higher, as per our XPS result.
Conversely, in the first forming process for DF devices, the
conducting filament that grows from the TE (cathode) exhib-
its difficulty in reaching the BE to complete the filament
because of a lower Vo

2" concentration toward the ZnO/ITO
interface.

Figures 4(a) and 4(b) show schematics of a conduction
filament during forming, reset, and set processes for SF and
DF devices, respectively. For the SF device (Figure 4(a)),
O2! ions are attracted to the TE, and Vo

2" are repulsed to-
ward the BE and then accumulate at the ZnO/BE interface
when a positive bias is applied. We believe that several accu-
mulated Vo

2" are created along the ZnO/BE interface and
behave as seeds for the growth of conducting filaments

FIG. 3. (a) Typical I–V linear curves of
the double forming process performed
using various first forming current
compliances (CC!f). (b) Log (I/V

2)–1/V
curve with linear fit of Fowler–
Nordheim (FN) tunneling at high volt-
age region.

FIG. 4. Schematic switching mechanism of forming, reset, and set processes
for (a) SF and (b) DF devices.
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FIG. 2. Typical I–V curves of an
AZO/ZnO/ITO/PEN memristor device
made with rf powers of (a) 25W, (b)
50W, (c) 100W, and (d) 200W.

of the 100W device was only approximately double, as depicted in
Fig. 3(a) and (b), respectively. This result shows that devices made
with a higher rf power have better switching characteristics. Never-
theless, we found there was a decrease in switching stability when
a high rf power was employed. Fig. 3(c) shows a statistical analysis
of the switching variation for the 100W and 200W devices; a low
coefficient of variation (σ/�, where σ is the standard deviation and �
is the mean) implies a tight switching distribution.24,25 This means
that the switching stability of the 100W device is superior to that of
200Wdevice. To understand this electrical phenomenon, a materials
analysis was conducted.

Oxygen vacancy (Vo) and zinc interstitial (Zni) defects are the
most referred donor defects in ZnO system.26 However, the con-
tribution of Zni in the switching mechanism of memristor devices
is still less understood;1 probably this is due to the fact that the
Zni have high formation energy and are fast diffusers that can be
quickly annihilated from the ZnO matrix.27 Nevertheless, the role
of Zni in the switching mechanism should be further investigated.
Meanwhile, it is well accepted that the Vo play an important role in
the switching mechanism of memristor devices;28 henceforth, XPS
spectra of the O1s core level were investigated to evaluate the oxy-
gen vacancy concentration in the ZnO films deposited with various
rf powers, and the result is shown in Fig. 4. The O1s peak was fit-
ted with three Gaussian-Lorentzian resolved peaks at approximately
530.3 eV (Oi), 531.45 eV (Oii), and 532.55 eV (Oiii). Oi, Oii, and Oiii
represent oxygen ions bonds in the Zn array with a full complement
of nearest neighbor oxygen ions, oxygen ions in a deficient region,
and loosely bound chemisorbed oxygen, respectively; the concen-
tration of oxygen vacancy defects was calculated via the ratio of

Oii/Ototal.29 We found lower oxygen vacancy defect concentrations
in the films deposited with higher rf powers (Oii/Ototal of the 200W,
100W, 50W, and 25W ZnO films were 10.8, 17.3, 22.9, and 30.7%
respectively); a lower oxygen vacancy defect concentration indicates
a higher amount of oxygen in the ZnO film. Since the size of the
conducting filament formed during the forming process is deter-
mined by the number of oxygen vacancy defects inside the pristine
switching layer, a high number of intrinsic defects in the switch-
ing layer results in a large conducting filament.30 Consequently, we
can infer that the low number of oxygen defects in the 100W film
is insufficient to rupture the large filament and to create signifi-
cant gap between top electrode and the filament during the reset
process; therefore, it results in a small memory window (Figs. 2(c)
and 3(a)). Similarly, the abundant oxygen vacancies in the 50W film
result in an oversized filament, and a reset attempt leads to device
breakdown (Fig. 2(b)). However, in the 25W case, the ZnO film has
excessive oxygen vacancies that contribute to a high leakage current
(Fig. 2(a)).

Despite the 200W device showing excellent switching with a
large ON/OFF ratio, the switching uniformity is less good com-
pare with that of the 100W device. It has been reported that the
ions and defects tend to drift at the grain boundary; therefore, the
switching uniformity is highly influenced by the nanostructure of
the switching layer.12 XRD patterns of the films were analyzed to
evaluate the nanostructure of the ZnO films. Figure 5(a) shows the
XRD patterns of the ZnO films grown on the ITO/PEN substrate.
The patterns match a ZnO wurtzite hexagonal structure; two appar-
ent peaks, namely (002) and (101), were observed. A quantitative
analysis of the XRD patterns is depicted in Fig. 5(b). As observed,
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FIG. 3. Endurance performance of (a) 100W and (b) 200W devices. (c) Statistical
distribution of the LRS and HRS of the 100W and 200W devices.

the (002) orientation lost its dominance (decrease in the Lotgering
factor) when a higher rf power was employed; a Lotgering factor
close to 1 indicates an ideal, preferred orientation. The (002) and
(101) orientations may represent the number of grains that grow
perpendicular to the electrode (columnar structure) and in a tilted
direction, respectively.13 The increase in the residual stress also con-
firms the weakening of the columnar structure in the ZnO films
made with a higher rf power. Additionally, we calculated that the
size of both types of grain in the ZnO film decrease as the rf power
increases. This indicates that the microstructure of the ZnO films
made with a higher rf power become more randomly oriented with
a higher number of grain boundaries.

FIG. 4. XPS spectra of the O1s core level of ZnO films deposited at various rf
powers.

The dominance of the perpendicular grains in the ZnO
microstructure is beneficial for confining the conducting fila-
ment;30,31 thus, the filament in the 100W device is more confined
than that in the 200W device and exhibits superior switching uni-
formity. Nevertheless, the switching instability may not only be
attributed to the randomly oriented grains in the switching layer but
also to the topography of the electrode/insulator interface region.32
Therefore, we evaluated the surface topography of the ZnO films, as
depicted in Fig. 6(a–d). It was observed that the topography of the
ZnO films grown with a higher rf power exhibited a rougher sur-
face. Considering that the rejuvenation and rupture processes tend
to occur at the electrode/insulator interface region,1 it is possible that
the high surface roughness at the AZO/ZnO interface may enhance
the electric field distribution in this region, which degrades the
switching uniformity.32 Nevertheless, the 200W device still exhib-
ited acceptable switching uniformity, and no intermediate state (data
error) was found to occur during the endurance test. Moreover, in
comparison with other proposed transparent ZnO-based memris-
tors in the literature,7,9,40–43,30,33–39 the switching parameter of our
device (200W) was excellent; it can operate with a compliance cur-
rent of 0.5 mA, employing only a 29-nm-thick pure ZnO film, as
shown in Table I. This indicates that proper adjustment of the sput-
tering rf power cannot be overlooked for designing low power and
high-density ZnO-based memristor devices.

In conclusion, the rf sputtering power significantly influenced
the switching characteristics of ZnO-based transparent memristor
devices. We found that using a high rf power for the ZnO deposi-
tion is necessary to achieve good switching behavior. The devices
made with a low rf power (25 and 50 W) were unable to perform
reproducible switching behavior. Reproducible switching could be
observed in devices made with an rf power of 100 or 200 W. The
devices made with the highest tested rf power (200 W) exhibited
excellent switching endurance for more than 100 cycles with a
large memory window (approximately two orders of magnitude).
Meanwhile, the use of an intermediate rf power (100 W) led to a
decrease of the memory window (to approximately double). This
phenomenon is caused by the lower number of oxygen vacancy
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0.2, 0.4, and 0.8 Pa). All devices were highly transparent with a
transmittance of 80% at 550 nm. The average transmittance (in
the visible-light region) of all devices was only approximately
1% less transparent than that of the substrate, as shown in
Figure 1(b), which indicates that the device structure is
suitable for making invisible-wearable electronic applications.
The details of the fabrication and characterization methods are
provided in the Supporting Information. The electrical
characteristics of the devices were analyzed by using a
semiconductor device analyzer (B1500 Agilent Technologies
Inc.). A voltage bias was used at the top electrode, and the

bottom electrode was ground, while the current compliance
was maintained at 1 mA during the positive bias sweep.
The typical I!V curves of the ZnO devices that were made

with various sputtering pressures are shown in Figures 2(a!d).
Low-pressure devices (0.11 and 0.2 Pa) were able to switch
from a pristine resistance state (PRS) to a low-resistance state
(LRS, on), which is termed a forming process. However, an
attempt to switch o! the devices resulted in permanent
damage. The use of a negative bias of !2 V on the 0.11 Pa
device leads to a lower resistance state (breakdown type 1).
The use of a negative bias of !5 V on the 0.2 Pa device leads

Figure 1. (a) ZnO "lm growth rate at various working-pressure conditions. The inset shows the cross-sectional transmission electron image of the
AZO/(0.2 Pa)ZnO/ITO/PEN (polyethylene naphthalate)!substrate device structure. (b) Transmittance of fabricated devices made with various
working pressures in the visible-light region. Insets show a schematic of the device structure, photographs of the devices, and the average
transmittance of the devices in the visible-light region.

Figure 2. Typical I!V curves of devices made at (a) 0.11, (b) 0.2, (c) 0.4, and (d) 0.8 Pa. Inset in (a) shows the optical image of a 0.11 Pa device
after breakdown. Inset in (b) shows the optical image of the 0.2 Pa device after breakdown and negative bias sweep with various voltages. Inset in
(d) shows the I!V curve and set and reset of the 0.8 Pa device. (e) Endurance characteristics of 0.4 and 0.8 Pa devices and (f) statistical analysis of
(e). (g) Retention and (h) stress performance of 0.2 and 0.4 Pa devices. Synaptic characteristics of (i) 0.2, (j) 0.4, and (k) 0.8 Pa devices.
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to a high-resistance state (higher than the PRS, breakdown
type 2). Therefore, the devices have no erased function once
the information is stored on them, which can be useful for
forming WORM memory. The two types of device break-
downs result in device burn-out, as observed in the OM images
in the inset of Figures 2(a,b). This permanent physical damage
is a result of excessive localized heat from the high current that
can be exploited for data-security applications against data
theft and unauthorized use of software/hardware. The 0.2 Pa
device may be more appealing for the WORM memory
application, because it can endure a higher negative voltage
sweep than that of the 0.11 Pa device.
Devices made at intermediate (0.4 Pa) and high pressure

(0.8 Pa) exhibit bipolar switching characteristics. After
forming, the 0.4 Pa device can switch from the LRS to the
high-resistance state (HRS, o!) by applying a negative bias of
!3 V, which is termed reset (Figure 2(c)). However, the 0.8
Pa device requires three-step formation; a "rst positive bias
sweep switches the device from the PRS to the intermediate-
resistance state (IRS) followed by a negative bias sweep that
switches the device from the IRS to the HRS. Hereafter, a
positive sweep is required to complete the forming process
(the switch from the HRS to the LRS) (Figure 2(d)). The 0.4
and 0.8 Pa devices can perform a decent switching for more
than 100 cycles with an on/o! ratio of approximately 2 orders
of magnitude and 2 times, respectively, as depicted in Figure
2(e). The 0.8 Pa device exhibits a superior switching
uniformity with a coe#cient of variation (for HRS and LRS)
of less than 5%, as shown in Figure 2(f). Although the 0.8 Pa
device can demonstrate an excellent switching stability, the
memory window (on/o! ratio) is inadequate for data-storage
applications.3 The 0.2 and 0.4 Pa devices exhibit promising
characteristics for WORM and rewritable memories, respec-
tively. Moreover, both devices display an excellent nonvolatility
by maintaining their resistance states for more than 104 s
during the retention and stress tests, as shown in Figure 2(g,h),
respectively. Note that the device yield is over 90%, and all the

devices made with lower and higher pressures show inerasable
and erasable behaviors, respectively, which con"rm the
behavior’s uniformity. Furthermore, the synaptic capability of
the devices made with various sputtering pressures was
evaluated, we performed a development of synaptic potentia-
tion and depression,19,20 and the result is shown in Figure 2(i!
k). Here, the voltage pulse scheme with a pulse amplitude and
width of ±1 V (positive and negative voltages for potentiation
and depression, respectively) and 1 ms were used, respectively.
The 0.2 Pa device was unable to show a depression behavior;
however, the 0.4 Pa device could show a synaptic behavior
with a good dynamic range for more than 20 training epochs.
The device that was made with a high sputtering pressure (0.8
Pa) showed a poor synaptic behavior with a small dynamic
range. Therefore, the sputtering pressure dictates the memory-
switching characteristics and the synaptic capability of the ZnO
memristor devices. Material analysis was conducted to explain
this phenomenon.
Chemical defects play a role in the electrical characteristics

of the memristor device.2 Oxygen-vacancy (Vo) and zinc
interstitial (Zni) defects are the most referenced intrinsic
donor defects that may contribute to the conductivity of ZnO
"lms.21 Zni has high formation energy and is highly mobile in
the ZnO matrix; thus, the concentration may not be
signi"cant.22 We assume this is the reason why the
contribution of Zni in the switching mechanism of memristor
devices is still less understood;2 Vo defects, however, have
been well-known to have a role in the formation and rupture of
conduction "lament;23 note that the I!V curve of the devices
shows the typical "lamentary conduction mechanism24,25 (see
Figure S1 in the Supporting Information). Therefore, the XPS
spectrum of the O 1s core level of ZnO "lms that were
deposited with various sputtering pressures was analyzed to
investigate the oxygen-related defects, and the result is shown
in Figure 3(a). The O 1s core level peak was "tted with three
Gaussian resolved peaks; the low-, intermediate-, and high-
binding energy peaks refer to the numbers of oxygen atoms in

Figure 3. (a) X-ray photoelectron spectra of O 1s core level of the ZnO "lms and (b) oxygen-vacancy concentration in ZnO "lms made at various
sputtering pressures. (c) Grazing-incidence X-ray di!raction patterns of ZnO "lms and (d) quantitative analysis of (c).
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the fully oxidized region (OI) and de!cient region (OII) as well
as the absorbed components from the environment (C!O,
OH!, etc.; OIII).

13 The concentration of Vo defects was
calculated by taking the ratio of OII and Ototal (= OI + OII), and
the result is presented in Figure 3(b). The Vo concentration
tends to decrease in !lms made with a higher sputtering
pressure. However, the use of a too-high sputtering pressure
(0.8 Pa) results in an increase in Vo concentration (almost at a
similar level to the 0.2 Pa). Despite the 0.2 Pa and 0.8 Pa
devices having a similar Vo concentration, their switching
characteristics di"er. The 0.2 Pa device exhibits WORM
characteristics (no erase capability or reset), and conversely,
the 0.8 Pa device exhibits rewritable characteristics. Hence-
forth, another factor should be responsible in the inerasable-to-
erasable switching transition. It is reported that the defects
prefer to drift at the grain boundaries during the switching
process;26 therefore, we studied the nanostructure of the !lms
to elucidate this phenomenon.
Grazing-incidence XRD geometry was used to evaluate the

crystal and nanostructures of the ZnO !lms. The grazing angle
was optimized to minimize the di"raction signal from the
ITO/substrate. Figure 3(c) depicts the XRD patterns of the
ZnO !lms made with various sputtering pressures. All !lms
show a polycrystalline hexagonal-wurtzite crystal structure with
three prominent di"raction peaks ((002), (101), and (102);
the patterns match JCPDS #36-1451). The (101) and (102)
orientations are attributed to grains that grow at certain angles,
whereas the (002) orientation is attributed to grains that grow
perpendicular to the substrate (columnar structure),27 which

determine the !lament con!nement during the switching
operation.28,29 Therefore, a quantitative analysis of the (002)
orientation may elucidate the quality of the !lm nanostructure,
and the result is shown in Figure 3(d). The grain size,
Lotgering factor (LF), and !lm stress were calculated
according to methods in the previous study.26 The
perpendicular grain size increases as the sputtering pressure
increases. This result indicates that !lms that were made with a
higher pressure have a better crystallinity, lower surface-area-
to-volume ratio, and a lower dislocation density;16,30 thus, the
number of grain boundaries decreases. The (002) orientation
becomes more prominent at a higher sputtering pressure,
which is indicated by the increase in LF as the pressure
increases. An LF closes to 1 implies an ideally perpendicular
nanostructure. Similarly, a decrease in the residual stress in
!lms made with a higher sputtering power may indicate a more
prominent columnar !lm structure.27 This result shows that
the sputtering pressure not only a"ects the defect concen-
tration of the !lms but also the nanostructures. We propose a
switching model to explain the electrical phenomenon.
Figure 4(a!c) shows a schematic of the switching process in

the devices made with low, intermediate, and high sputtering
pressure, respectively. Under the in#uence of an electric !eld,
the Vo defects drift at the grain boundary.26 The ZnO !lms
made with a low sputtering pressure (0.11 and 0.2 Pa) have a
high number of grain boundaries with a lack of columnar
structure ((002) preferred orientation) (Figures 3(d) and
4(a)(i)), therefore, an excessive number of branched !laments
may form during the forming and set processes (Figure

Figure 4. Schematic of conduction mechanism during device forming, set, and reset with (a) low, (b) intermediate, and (c) high-sputtering-
pressure conditions.
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0.2, 0.4, and 0.8 Pa). All devices were highly transparent with a
transmittance of 80% at 550 nm. The average transmittance (in
the visible-light region) of all devices was only approximately
1% less transparent than that of the substrate, as shown in
Figure 1(b), which indicates that the device structure is
suitable for making invisible-wearable electronic applications.
The details of the fabrication and characterization methods are
provided in the Supporting Information. The electrical
characteristics of the devices were analyzed by using a
semiconductor device analyzer (B1500 Agilent Technologies
Inc.). A voltage bias was used at the top electrode, and the

bottom electrode was ground, while the current compliance
was maintained at 1 mA during the positive bias sweep.
The typical I!V curves of the ZnO devices that were made

with various sputtering pressures are shown in Figures 2(a!d).
Low-pressure devices (0.11 and 0.2 Pa) were able to switch
from a pristine resistance state (PRS) to a low-resistance state
(LRS, on), which is termed a forming process. However, an
attempt to switch o! the devices resulted in permanent
damage. The use of a negative bias of !2 V on the 0.11 Pa
device leads to a lower resistance state (breakdown type 1).
The use of a negative bias of !5 V on the 0.2 Pa device leads

Figure 1. (a) ZnO "lm growth rate at various working-pressure conditions. The inset shows the cross-sectional transmission electron image of the
AZO/(0.2 Pa)ZnO/ITO/PEN (polyethylene naphthalate)!substrate device structure. (b) Transmittance of fabricated devices made with various
working pressures in the visible-light region. Insets show a schematic of the device structure, photographs of the devices, and the average
transmittance of the devices in the visible-light region.

Figure 2. Typical I!V curves of devices made at (a) 0.11, (b) 0.2, (c) 0.4, and (d) 0.8 Pa. Inset in (a) shows the optical image of a 0.11 Pa device
after breakdown. Inset in (b) shows the optical image of the 0.2 Pa device after breakdown and negative bias sweep with various voltages. Inset in
(d) shows the I!V curve and set and reset of the 0.8 Pa device. (e) Endurance characteristics of 0.4 and 0.8 Pa devices and (f) statistical analysis of
(e). (g) Retention and (h) stress performance of 0.2 and 0.4 Pa devices. Synaptic characteristics of (i) 0.2, (j) 0.4, and (k) 0.8 Pa devices.
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oxygen accumulated at the AZO/ZnO interface, indicating
an oxygen-rich layer. Similar oxygen diffusion toward the

top electrode after deposition has also been observed in

devices with a metal top electrode [28]. This diffusion may
have been detected because of the oxygen vacancy con-

centration gradient between the two films. A higher con-

centration of oxygen vacancy in AZO fabricated using a
lower pressure resulted in more oxygen being withdrawn

from ZnO. Therefore, the increased oxygen deficiency in

ZnO increased the conductivity of the ZnO film.
To confirm the oxygen withdrawing phenomena in ZnO,

current–voltage (I–V) sweeps on a pristine device with

different top electrode sizes were investigated. Figure 5c
shows a log–log plot of the first I–V sweep of a pristine

1.2AZO device with top electrode diameters of 150, 250,

and 350 lm. No initial resistance state was observed for
1.2AZO devices fabricated with larger electrodes, which

may have withdrawn more oxygen from the resistive layer;

consequently, the oxygen vacancy defect concentration
below the electrode was increased and high leakage was

observed.

Statistical analysis was used to elucidate the trend of the
memory window [29]. Figure 6a shows the cumulative

probability plots of the HRS distribution. The statistical

distributions demonstrate that the HRS resistance increased
as the oxygen vacancy concentration of the top electrode

decreased. Figure 6b shows the cumulative probability
plots of set voltage (Vset) distribution. The range of the Vset

of all devices was within 1.2–1.9 V, which indicates minor

dependency of Vset on different top electrodes. However,
the statistical dispersion may represent the relationship

between switching parameters [30, 31]. Figure 6c shows

the coefficient of variation (r/l) (where r is the standard
deviation and l is the mean value) of Vset and HRS dis-

tributions. The lower value of r/l means a narrower dis-

tribution of the parameter [29]. The results showed that the
Vset distribution becomes narrower when the HRS distri-

bution is tighter. The statistical analysis indicated that

devices fabricated using a higher pressure top electrode
tend to have a wider distribution. This phenomenon may be

caused by a higher surface roughness at the AZO/ZnO

interface because of the high sputtering power.
The dispersion of switching parameters on the Vset and

Roff was dependent on the damage at the top electrode/

resistive layer interface [32]. Under high sputtering power
condition, a larger voltage drop is present across the

plasma and substrate, resulting in more ionized species

bombard the growing surface, thus causing more damage to
the growing surface and also increasing the surface

roughness of the resistive layer [32]. Nevertheless, devices

fabricated with a lower pressure top electrode exhibited a
narrow Vset and HRS dispersion, possibly because of the

Table 2 Thickness, sheet
resistance, and resistivity value
of AZO deposited on a glass
substrate and ITO/glass

Sample code Thickness (nm) Sheet resistance (X/h) Resistivity (910-3 X cm)

1.2AZO/glass 541 70.42 3.813

2.4AZO/glass 514 133.9 6.889

6AZO/glass 464 317.5 14.75

12AZO/glass 338 505 17.096

ITO/glass 320 15 0.48

Fig. 5 a TEM image of the
2.4AZO/ZnO/ITO structure,
b EDS line scan of a, and c the
log–log plot of the I–V sweep of
the pristine 1.2AZO device with
a top electrode diameter of 150,
250, and 350 lm (Color figure
online)
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where ZnxZn, O
x
o, Zn

oo
i , Voo

O , and e0 are a neutral charge of a Zn
ion in a zinc site, a neutral charge of an O ion in an O site, a
doubly positive charge of a Zn ion in an interstitial site, a
doubly positive charge of an O vacancy, and a singly nega-
tive charge of an electron, respectively. Despite the origin of
the self-doping mechanism being debatable, Znooi and Voo

o
defects are often believed to be responsible for n-type con-
ductivity in ZnO.6,26 An XPS analysis was conducted to elu-
cidate the defects’ chemistry of ZnO induced by Co doping.

Figure 3(a) shows XPS spectra of Co2p core levels. 2p3/2

and 2p1/2 doublet peaks exhibited shake-up resonance transi-
tion at higher binding energy. The binding energy difference
between Co 2p1/2and Co 2p3/2 is 15.55 eV, and there is no
sign of a shoulder at lower energy side of 2p3/2, indicating
that Co2! is incorporated into the ZnO matrix and that a Co
cluster is absent in the deposited film.20,21 By assuming non-
stoichiometric CoKOc (where K " c) that also takes place in
the reaction occurring during film growth, therefore, the possi-
ble defects equations for generation of defects caused by Co
dopant with oxidation states of doubly positive charge can be
expressed as follows:

CoKOc !
XZnO

KCoxZn ! KOx
o ! #c$ K% #O00i ! 2ho%; (3)

CoKOc !
YZnO

KCoxZn ! cOx
o ! #c$ K% #V00Zn ! 2ho%; (4)

where CoxZn, O
00
i , V

00
Zn, and ho are a neutral charge of Co ion

in a Zn site, a doubly negative charge of an O ion in an in-
terstitial site, a doubly negative charge of a Zn vacancy,
and a singly positive charge of a hole, respectively.
According to these equations, introducing the Co dopant
may create defects that can compensate electrons. These
compensator defects may trap electrons that are emitted by
Voo
o and Znooi in the Co-doped ZnO, and hence, introduce

more insulating behavior.20

Cation defects play a crucial role in the switching mecha-
nism in oxide based resistive memory. Studies have suggested
that percolated cation defects may form conducting filaments
(CF) under electrochemical reaction.27,28 Therefore, to

understand the cation related defects, XPS spectra of O1s core
levels, shown in Figure 3(b), were analyzed. O1s core level
peak is fitted with three Gaussian-resolved peaks at low, me-
dium, and high binding energies, as suggested by the amount
of oxygen in fully oxidized regions (OI), oxygen in deficient
regions (OII), and absorbed oxygen (OIII%, respectively.29 It is
found that OII is prominent. This indicates that abundant Voo

o

are present in all CZO films. The Voo
o concentration decreases

as the Co dopant content increased [Figure 3(d)]. This tend-
ency also means that the concentration of O00 in the resistive
switching layer increases as the Co dopant content increased.
Consequently, the increase in oxygen concentration leads to
higher memory window. In addition, the Zn-related defects
were investigated by analyzing the ZnLMM Auger spectra.
Prominent shape changes in Auger peak is beneficial in identi-
fying Zn species since Zn2p3/2 peak does not always have an
obvious asymmetric feature.30 Figure 3(c) shows that the
Auger ZnL3M4.5M4.5 spectra exhibits two peaks located at
approximately 498 and 494 eV that are suggested by the
amount of Zn in oxidized regions (ZnI) and in the interstitial
regions (ZnII), respectively. Similarly, the Znooi concentration
was also found to decrease as the Co dopant increased [Figure
3(d)]. A study reported that O00i and fast diffuser Znooi defects
are unstable, and therefore, they can only exist in very low
quantities.6 Consequently, self-reaction of the generated
defects due to doping (V00Zn; O

00
i ) with native defects (Znooi ,

Voo
o ) is likely the reason for the decreased concentrations of

Znooi and Voo
o after doping.

Based on the above results, Co doping creates dominant
acceptors and suppresses the concentration of native defects,
therefore, increasing the insulating behavior of the films. As a
result, the resistances increase. The resistances of 0CZO,
2CZO, and 5CZO films are 5.1& 102, 7.6& 105, and 5.9& 106

X, respectively [inset of Fig. 3(d)]. Accordingly, devices made
with higher Co dopant concentration require higher Vf to per-
colate Voo

o and form CF [Figs. 2(a)–2(c)]. However, excessive
Co dopant concentration leads to switching instability. We
believe that the growth properties of the films strongly influ-
ence the stability. The formation and rupture of CF are con-
trolled by the path and electromigration mobility of Voo

o and
oxygen ions (O00) defects.31 These defects easily accumulate
and diffuse around microstructural defects, such as grain boun-
daries (GBs).31 Therefore, XRD [Figure 1(a)] peaks in the 2h
range of 31'$37.5' are simulated to elucidate the films’
growth; see supplementary Figure S2.24

Grain size is calculated using the Scherrer formula32 and
residual stress of the film is calculated using the following
equation:22

r ( 2C2
13 $ C33 C11 $ C12# %

2C13

d $ d0
d0

; (5)

where C13, C33, C11, and C12 are elastic constants from a sin-
gle crystalline ZnO, and d and d0 are crystalline plane spac-
ing and standard plane spacing, respectively. The 2h, full
width at half maximum (FWHM), grain size, and residual
stress are provided in Table I. 2h and FWHM decreases
while the grain size and compressive stress increases with
the increase in Co dopant concentration. These results cor-
roborate the literature.20–22

FIG. 3. XPS spectra of CZO surface from (a) Co2p and (b) O1s core levels.
(c) Auger ZnL3M4.5M4.5 spectra of CZO surface. (d) Calculated oxygen va-
cancy and Zn interstitial concentration in the CZO surface. The inset of (d)
shows the I-V curve and resistance value of the CZO films.
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Non-volatile switching can be achieved when CC is
increased to 200 !A. This operation current is found to be
lower than that of the ZnO-based ECM devices in the pre-
vious literature [18–28]. Figure 3(a) shows the typical I–V
curves of the non-volatile bipolar switching of the ST device.
The ST device operated at CC of 200 !A is denoted as ST1.
The forming, reset and set voltages are approximately 2.5, !2
and 1.1 V, respectively. The ST1 demonstrates stable endur-
ance for more than 100 switching cycles with an ON/OFF
ratio of 40 times and without showing any intermediate state,
as illustrated in !gure 3(b). In order to con!rm its non-
volatility, a retention test was carried out and its result is
depicted in !gure 3(c). It is found that both LRS and HRS of
the device can be maintained for more than 104 s at room
temperature which con!rms their non-volatility behavior. It is
also found that the ST1 is able to demonstrate a good non-
destructive readout for more than 104 s at room temperature,

as depicted in !gure 3(d). The nonvolatile switching char-
acteristic can also be observed at much lower CC (35 !A)
when the synthesis time increased to 9–10 min. However, the
switching instability exhibited in the devices is made with an
excessive surface treatment. Nevertheless, this result indicates
that the ZnO2 material can be a potential candidate for ECM
cell memory. Surface analysis was conducted to understand
the switching phenomenon in AD and ST devices.

The defects and element distributions in the switching
materials may determine the switching mechanism in elec-
trochemical metallization cell [2, 3, 6, 16, 41, 42]. Therefore,
XPS analysis is conducted to assist the understanding of the
conduction mechanism. Figure 4(a) shows the XPS spectra of
O1s core level of the surface of AD and ST !lms. The O1s is
!tted with two Gaussian peaks located at 529.65 and
531.2 eV for low (OI) and high (OII) binding energy positions,
respectively. The OI corresponds to a number of oxygen ions

Figure 1. GI-XRD pattern of (a) as-deposited and surface-treated !lms, and (c) surface-treated !lm at various incident angle. (d) Typical
cross-sectional TEM image of ST device structure. (d) and (f) high-resolution TEM images of ZnO2 and ZnO layers. (e) and (g) fast Fourier
transform (FFT) images of (d) and (f), respectively.
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approximately 50 nm. To study the crystal structure of the grown layers, XRD analysis was 49 

conducted, as shown in Fig. 1(c). Both the thin film and nanorod layers exhibited a (002)-/(101)-50 

oriented structure. We observed no additional peak of Ga2O3 or Ga:ZnO alloy second phases, 51 

indicating that gallium was successfully doped into the ZnO hexagonal matrix [22]. 52 

 53 

 54 

 55 

 56 

 57 

 58 

 59 

 60 

 61 

 62 

 63 

 64 

 65 

The electrical characteristics of the fabricated devices were studied by applying a bias voltage to 66 

the Cu top electrode and grounding the ITO bottom electrode, as depicted in the schematic in Fig. 67 

1(d). Current compliance (CC) was used to prevent device breakdown, and the negative sweep was 68 

maintained at −2 V for all devices. The current-voltage (I–V) curves of the TF pristine device at a 69 

Figure 1. SEM images of (a) PNR and (b) CNR grown on the ZnO/ITO/glass substrate. (c) XRD 
patterns of nanorods grown on the ZnO/ITO/glass substrate. (d) Schematic of Cu/nanorod/ZnO/ITO and 
Cu/ZnO/ITO devices. Insets in (a) and (b) show the cross section and top-view images. 
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conversely, the filament starts to rupture gradually (due to
the recombination with oxygen ions) upon applying electrical
pulses with the opposite polarity (D1 and D1+x ; D stands for
depression and x for pulse number), known as depression.

The identical pulse scheme is commonly proposed to eval-
uate the synaptic plasticity of the memristor synapses [12].
The rise time of each amplitude is kept as 1 µs. The poten-
tiation has been performed with an identical pulse of 1.2-ms
pulsewidth and operated at 1.1 V which acts as the potentiation
pulse sequence. It is similar for the depression pulse train of
!1.4-V amplitude and width of 1.2 ms. Both the potentiation
and depression pulses use read pulsewidth and amplitude
of 1 ms and ±0.4 V, respectively, as typically shown in
Fig. 2(b). After repeating the set pulse sequence for 320 times,
we achieve a conductance state variation from 125 to 325 µs
during potentiation as shown in Fig. 2(c). Similarly, after
applying the reset pulse sequence for 320 times, we achieve a
decrease in conductance, that is, depression of the resistive
synapse from 325 to 125 µs as shown in Fig. 2(d). The
conductance of the potentiation and depression quickly reaches
their saturation range after 100 pulse numbers, indicating
that the potentiation and depression behaviors induced by the
single-identical pulses (SP) scheme [Fig. 2(b)] are not effective
to train the device with higher pulse number. The ability of the
artificial synapse to show gradual potentiation and depression
with a high number of training pulses as well as to show
high linearity is important to achieve efficient neuromorphic
computing [25]. Interestingly, the synaptic plasticity can be
enhanced using double-identical pulses (DP) scheme; instead
of using the SP scheme. Therefore, we use two amplitudes
while maintaining the same amplitude at the SP scheme, and
the schematic description of the DP schemes and the linearity
result are shown in Fig. 3. The rise time of each amplitude is
kept as 1 µs for all the pulsing schemes.

As calculated, the synaptic nonlinearity under the SP
scheme [Fig. 3(a)] is calculated to be 0.83. However, the
synaptic nonlinearity for the potentiation and depression pulses
using low (0.6 and !0.8 V) and then high (1.0 and !1.2 V)
amplitudes, respectively, for (L-H DP) is 0.44, and the synaptic
nonlinearity using high (1.0 and !1.2 V) and then low (0.6 and
!0.8 V) amplitudes, respectively (H-L DP), increases to 0.64.
Nevertheless, both the DP schemes give close to unity linearity
when compared with the conventional SP scheme, indicating
more DP scheme is most suitable for the neural network
than the SP one. To evaluate the reliability of the synaptic
plasticity, we conducted training under the various schemes,
SP, L-H DP, and H-L DP, as shown in Fig. 4. A training
epoch consists of one set of potentiation followed by one set
of depression. It is found that the DP schemes perform superior
epoch stability for more than 10 500 pulse numbers than the SP
scheme. This is due to the rising speed of the applied voltage
affecting the effective reduction–oxidation (redox) filament
during potentiation and depression [26], thus determining the
shape of the conducting filament.

Fig. 5 depicts the filamentary mechanism of single pulsing,
L-H double pulsing, and H-L double pulsing. The rising speed
of each amplitude during potentiation for single pulsing is
1 V/µs; therefore, the applied voltage may rise too fast so that

Fig. 3. Pulse scheme and normalized conductance state for potentiation
and depression depicting the nonlinearity when operated under (a) and
(b) single pulsing scheme, (c) and (d) L-P double pulsing scheme, and
(e) and (f) H-P double pulsing scheme.

only small number of defects (oxygen vacancies taking part
during the redox process) can keep up with the voltage change.
This process leads to a sharp apex after completing a set of
a potentiation [Fig. 5(a) and (b)]. However, the introduction
of slower rising speed (0.6 V/µs, for the low amplitude)
during the potentiation of L-H double pulsing may provide
a larger number of defects to take part in the formation of
filament; thus, the size of the filament is larger with broader
apex [Fig. 5(c)] and more gradual potentiation can be achieved
[Fig. 2(d)].

The introduction of a fast-rising speed followed by a slower
rising speed, in the H-L double pulsing case, results in a
smaller size and sharper apex when compared with the L-H
double pulsing, larger, and broader filament when compared
with the single pulsing. Similarly, the depression is initiated
after a set of potentiation is completed and the oxygen ions
near the TE are repulsed and recombined with the oxygen
vacancies under the influence of the applied depression pulse.
The recombination process in the beginning of the depression
pulses (Dx , where x is approximately less than 50 pulses) is
faster in case of single pulsing due to the sharp apex [Fig. 5(e)]
which is also observed from the high conductance change
during Dx depression [Fig. 2(d)]. The filament rupturing is

approximately 4V was subsequently applied for conversion
from the IRS to a LRS. Negative bias of !2V and positive
bias of approximately 1.7V were applied to reset and set the
device, respectively. Device that underwent DF process is
labelled as DF device.

A DC endurance test was conducted to examine the
switching state distribution of both devices. The SF device
exhibited switching instability during 450 switching cycles,
whereas the DF device exhibited uniform and stable switching
performance with a LRS/HRS (ON/OFF) ratio of approxi-
mately 102 without data error, as shown in Figures 2(c) and
2(d), respectively. We believe that the difference in endurance
performance between the two devices is due to differences in
the characteristics of the conducting filaments across the ZnO
resistive layer, which are primarily determined by the forming
process. The formation and rupture of a conductive filament
are caused by percolated defects that are driven by electro-
chemical reactions and are responsible for the switching
mechanism in RRAM.24 The forming process enables the ox-
ygen in ZnO to be ionized (O2!), creating oxygen vacancies
(Vo

2"). Conducting filaments that consist of intrinsic defects
are then created to provide paths for electrons to flow through
the resistive layer.25 Conducting filament in metal oxide
RRAM devices is consisted of Vo

2" instead of metal ions;21,22

furthermore, a study reported that the formation of Vo
2" is

favorable because of their low formation energy in oxygen-
deficient metal oxide,26 besides no Zn metallic phase was
present in the resistive layer (inset of Figure 1(b)).

To understand bipolar forming, DF process was con-
ducted by using various first forming current compliances
(CC!f) when the second forming current compliance (CC"f)
was maintained at 1mA, and the results are shown in Figure
3(a).The first forming process performed using a higher
CC!f resulted in a lower second forming voltage. Although a
PRS can be converted to a LRS when CC!f is increased to
2mA, the LRS cannot be switched to an HRS, leading to de-
vice breakdown when negative bias is applied (not shown
here). The device breakdown in this state is explained as fol-
lows: during negative forming, electrochemical reaction
causes O2! ions to move toward the BE and accumulate at
the ZnO/BE interface because of repulsion charge; by con-
trast, Vo

2" are attracted to the TE and accumulate at the TE/
ZnO interface. Consequently, Vo

2" are arranged to create a
conducting filament that grows from the cathode toward the
anode.27,28 The size of the conducting filaments is deter-
mined on the basis of the applied current compliance.29,30

Low CC!f during first forming may result in an incomplete
filament, that is, 2mA of CC!f results in an oversized

filament. This oversized filament is unable to be ruptured
because of the lack of O2! ions at the TE/ZnO interface for
reducing substantial Vo

2" at the interface during a negative
reset attempt, leading to device breakdown.

Figure 3(b) shows that the conduction mechanism of IRS
is dominated by Fowler–Nordheim (FN) tunneling. A log
(I/V2) versus 1/V curve shows a perfect linear fit of FN tun-
neling at a high voltage region. A similar IRS conduction
mechanism was exhibited by our previously reported DF
TaN/ZrO2/HfO2/TiN devices.31 In addition to that, the differ-
ence in the oxygen concentration in the ZnO layer may
explain why the first forming process in DF cannot convert a
PRS to a LRS even though the first forming processes for DF
and SF devices use a similar voltage and current compliance.
In SF device, the conducting filament that grows from the BE
(cathode) easily reaches the TE and completes the formation
of the filament because the Vo

2" concentration toward the
AZO/ZnO interface is higher, as per our XPS result.
Conversely, in the first forming process for DF devices, the
conducting filament that grows from the TE (cathode) exhib-
its difficulty in reaching the BE to complete the filament
because of a lower Vo

2" concentration toward the ZnO/ITO
interface.

Figures 4(a) and 4(b) show schematics of a conduction
filament during forming, reset, and set processes for SF and
DF devices, respectively. For the SF device (Figure 4(a)),
O2! ions are attracted to the TE, and Vo

2" are repulsed to-
ward the BE and then accumulate at the ZnO/BE interface
when a positive bias is applied. We believe that several accu-
mulated Vo

2" are created along the ZnO/BE interface and
behave as seeds for the growth of conducting filaments

FIG. 3. (a) Typical I–V linear curves of
the double forming process performed
using various first forming current
compliances (CC!f). (b) Log (I/V

2)–1/V
curve with linear fit of Fowler–
Nordheim (FN) tunneling at high volt-
age region.

FIG. 4. Schematic switching mechanism of forming, reset, and set processes
for (a) SF and (b) DF devices.
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where ZnxZn, O
x
o, Zn

oo
i , Voo

O , and e0 are a neutral charge of a Zn
ion in a zinc site, a neutral charge of an O ion in an O site, a
doubly positive charge of a Zn ion in an interstitial site, a
doubly positive charge of an O vacancy, and a singly nega-
tive charge of an electron, respectively. Despite the origin of
the self-doping mechanism being debatable, Znooi and Voo

o
defects are often believed to be responsible for n-type con-
ductivity in ZnO.6,26 An XPS analysis was conducted to elu-
cidate the defects’ chemistry of ZnO induced by Co doping.

Figure 3(a) shows XPS spectra of Co2p core levels. 2p3/2

and 2p1/2 doublet peaks exhibited shake-up resonance transi-
tion at higher binding energy. The binding energy difference
between Co 2p1/2and Co 2p3/2 is 15.55 eV, and there is no
sign of a shoulder at lower energy side of 2p3/2, indicating
that Co2! is incorporated into the ZnO matrix and that a Co
cluster is absent in the deposited film.20,21 By assuming non-
stoichiometric CoKOc (where K " c) that also takes place in
the reaction occurring during film growth, therefore, the possi-
ble defects equations for generation of defects caused by Co
dopant with oxidation states of doubly positive charge can be
expressed as follows:

CoKOc !
XZnO

KCoxZn ! KOx
o ! #c$ K% #O00i ! 2ho%; (3)

CoKOc !
YZnO

KCoxZn ! cOx
o ! #c$ K% #V00Zn ! 2ho%; (4)

where CoxZn, O
00
i , V

00
Zn, and ho are a neutral charge of Co ion

in a Zn site, a doubly negative charge of an O ion in an in-
terstitial site, a doubly negative charge of a Zn vacancy,
and a singly positive charge of a hole, respectively.
According to these equations, introducing the Co dopant
may create defects that can compensate electrons. These
compensator defects may trap electrons that are emitted by
Voo
o and Znooi in the Co-doped ZnO, and hence, introduce

more insulating behavior.20

Cation defects play a crucial role in the switching mecha-
nism in oxide based resistive memory. Studies have suggested
that percolated cation defects may form conducting filaments
(CF) under electrochemical reaction.27,28 Therefore, to

understand the cation related defects, XPS spectra of O1s core
levels, shown in Figure 3(b), were analyzed. O1s core level
peak is fitted with three Gaussian-resolved peaks at low, me-
dium, and high binding energies, as suggested by the amount
of oxygen in fully oxidized regions (OI), oxygen in deficient
regions (OII), and absorbed oxygen (OIII%, respectively.29 It is
found that OII is prominent. This indicates that abundant Voo

o

are present in all CZO films. The Voo
o concentration decreases

as the Co dopant content increased [Figure 3(d)]. This tend-
ency also means that the concentration of O00 in the resistive
switching layer increases as the Co dopant content increased.
Consequently, the increase in oxygen concentration leads to
higher memory window. In addition, the Zn-related defects
were investigated by analyzing the ZnLMM Auger spectra.
Prominent shape changes in Auger peak is beneficial in identi-
fying Zn species since Zn2p3/2 peak does not always have an
obvious asymmetric feature.30 Figure 3(c) shows that the
Auger ZnL3M4.5M4.5 spectra exhibits two peaks located at
approximately 498 and 494 eV that are suggested by the
amount of Zn in oxidized regions (ZnI) and in the interstitial
regions (ZnII), respectively. Similarly, the Znooi concentration
was also found to decrease as the Co dopant increased [Figure
3(d)]. A study reported that O00i and fast diffuser Znooi defects
are unstable, and therefore, they can only exist in very low
quantities.6 Consequently, self-reaction of the generated
defects due to doping (V00Zn; O

00
i ) with native defects (Znooi ,

Voo
o ) is likely the reason for the decreased concentrations of

Znooi and Voo
o after doping.

Based on the above results, Co doping creates dominant
acceptors and suppresses the concentration of native defects,
therefore, increasing the insulating behavior of the films. As a
result, the resistances increase. The resistances of 0CZO,
2CZO, and 5CZO films are 5.1& 102, 7.6& 105, and 5.9& 106

X, respectively [inset of Fig. 3(d)]. Accordingly, devices made
with higher Co dopant concentration require higher Vf to per-
colate Voo

o and form CF [Figs. 2(a)–2(c)]. However, excessive
Co dopant concentration leads to switching instability. We
believe that the growth properties of the films strongly influ-
ence the stability. The formation and rupture of CF are con-
trolled by the path and electromigration mobility of Voo

o and
oxygen ions (O00) defects.31 These defects easily accumulate
and diffuse around microstructural defects, such as grain boun-
daries (GBs).31 Therefore, XRD [Figure 1(a)] peaks in the 2h
range of 31'$37.5' are simulated to elucidate the films’
growth; see supplementary Figure S2.24

Grain size is calculated using the Scherrer formula32 and
residual stress of the film is calculated using the following
equation:22

r ( 2C2
13 $ C33 C11 $ C12# %

2C13

d $ d0
d0

; (5)

where C13, C33, C11, and C12 are elastic constants from a sin-
gle crystalline ZnO, and d and d0 are crystalline plane spac-
ing and standard plane spacing, respectively. The 2h, full
width at half maximum (FWHM), grain size, and residual
stress are provided in Table I. 2h and FWHM decreases
while the grain size and compressive stress increases with
the increase in Co dopant concentration. These results cor-
roborate the literature.20–22

FIG. 3. XPS spectra of CZO surface from (a) Co2p and (b) O1s core levels.
(c) Auger ZnL3M4.5M4.5 spectra of CZO surface. (d) Calculated oxygen va-
cancy and Zn interstitial concentration in the CZO surface. The inset of (d)
shows the I-V curve and resistance value of the CZO films.
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more insulating behavior.20
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layers are found to be 259 and 115 nm, respectively. All of
the fabricated ITO/ZnO1–xCoxO/ITO devices are fully trans-
parent, having a 90% transmittance at the 550 nm wave-
length [Figure 1(c)].Transparency is slightly decreased as Co
dopant increased due to the increase of structural disorder in
the film.22 Nevertheless, such a high transmittance is suitable
for fully transparent electronic devices.

The resistive switching characteristics of the devices
were investigated by applying a voltage bias to the TE while
the bottom electrode was grounded. Figures 2(a)–2(c) depict
the current-voltage curves of the 0CZO, 2CZO, and 5CZO
devices, respectively. The pristine resistance state (PRS) of
the devices is converted to the low resistance state (LRS) by
using positive voltage sweep; this process is referred to as

forming. The forming voltages (Vf) of the 0CZO, 2CZO, and
5CZO devices are 2.1, 3, and 3.5V, respectively. The LRS
was then switched to the high resistance state (HRS) by
using a negative sweep bias of !1.5V, the so called reset.
The HRS was then switched back to LRS by using a positive
sweep bias, the so called set. The set voltages (Vs) of 0CZO,
2CZO, and 5CZO devices are approximately 1.4, 1.2, and
1–1.7V, respectively. A 5mA current compliance (CC) was
applied to avoid device breakdown.

Compared with 2CZO and 5CZO devices, the PRS
(forming) curve of pure ZnO (0CZO) device exhibits high
leakage [Figure 2(a)]. The LRS/HRS ratio of 0CZO device is
only 2 times, which is not suitable for the nonvolatile mem-
ory application.25 A slight increase in the memory window
(2.5 times) is observed when a higher CC of 10mA is
applied [inset of Fig. 2(a)]. Higher reset voltage is also
applied in an attempt to increase the ratio; nevertheless, it
leads to device breakdown. However, 2CZO device demon-
strated suitable memory window of 15 times with stable
switching up to 5000 cycles without any occurrence of an in-
termediate resistance state (IRS) [inset of Fig. 2(b)].
Conversely, the 5CZO device demonstrates severe switching
fluctuation in the LRS and HRS and exhibits numerous IRS
during 5000 cycles [inset of Fig. 2(c)]. Figure 2(d) shows the
cumulative probability plot of the LRS and HRS of the CZO
devices. Increasing the Co concentration may result in
increasing distribution deterioration in both the LRS and
HRS. Further material analysis will be conducted to examine
these phenomena.

Possible defect equations for native defects generation
in nonstoichiometric ZnO are expressed as follows:

ZnxZn " 2Ox
o ! Znooi " O2#g$ " 2e0; (1)

Ox
o !

1

2
O2 g# $ " Voo

o " 2e0; (2)

FIG. 1. (a) XRD pattern of Zn(1!x)CoxO thin films. (b) Typical cross-
sectional TEM image of ITO/0CZO/ITO structure. (c) UV transmittance of
the ITO/Zn(1!x)CoxO/ITO structure. Inset of (c) shows the photograph of
fabricated transparent devices.

FIG. 2. Typical I–V curves of ITO/
Zn1!xCoxO/ITO devices: (a) 0CZO, (b)
2CZO, and (c) 5CZO. (d) Cumulative
probability plot of LRS and HRS. The
inset in (b) and (c) shows the endurance
characteristics of the 2CZO and 5CZO
devices, respectively.
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The (002) peak is found to decrease as the Co dopant
concentration increased while the occurrences of (100) peak
and (101) peak become more prominent. Lotgering factor
(LF) was used to quantify the degree of (002)-orientation
growth and calculated using the following equation:33

LF ! ""P00l # Phkl$="1# Phkl$$ % 100%; (6)

where P00l is the ratio of XRD intensity of (00l) oriented
reflection to the sum of all reflections in a scanned range,
and Phkl is similarly defined for randomly oriented reflection.
Values of LF close to 100% indicate ideally perpendicular
oriented growth. In addition, statistical analysis is conducted
to evaluate the LRS and HRS fluctuations. The coefficient of
variation (r/l, where r is the standard deviation and l is the
mean) of both states were extracted from cumulative proba-
bility plot [Figure 2(d)]. A smaller value of r/l indicates a
tighter distribution.34 The results of the LF and r/l calcula-
tions are provided in Table I. 0CZO film with an LF of
70.69% of (002) exhibits highly perpendicular oriented
growth, and conversely, the 5CZO film with an LF of
45.68% of (002) exhibits randomly oriented growth.
Furthermore, the 0CZO device exhibits a tight distribution,
with the r/l value of its LRS and HRS being 4.6% and
4.8%, respectively. Conversely, significant distribution dete-
rioration was observed in the 5CZO device, with r/l value
of its LRS and HRS being 21.8% and 65.4%, respectively.
The decrease in the LF value followed by the deterioration
of r/l as Co dopant increase indicates that the grain growth
orientation controlled the structure of CF, thus affecting the
formation and rupture process.

Based on the XRD analysis, we can assume that during
CZO deposition, nuclei of ZnO most likely have random ori-
entation at its initial growth. Each grain grows according to
its orientation which is strongly affected by its dopant con-
centration, thus altering the growth rate of each grain. The
decrease in LF factor indicates the suppression of growth
rate of (002)-grains, whereas (101)- and (100)-grains
increase with the increase in Co doping. However, the degree
of (002)-orientation growth is still higher than the other ori-
entations, indicating the faster growth rate of (002)-grains
than the (101)- and (100)-grains in all ranges of the Co dop-
ant concentration. This growth rate difference among each
orientation attributes gradual microstructural changes from
ZnO/ITO to ITO/ZnO interface. Randomly oriented grains
are mostly concentrated near the bottom electrode, while the
preferred (002) oriented grains are more prominent towards
the top electrode.35 The increase in residual stress as the Co
dopant increases in the CZO film may suggest the increase in

randomly oriented region’s thickness. This tendency is in
good agreement with the degree of (002)-orientation growth
(LF) calculation.

In order to provide direct evidence and confirm struc-
tural changes of the CZO films grown on ITO, TEM analysis
was conducted [Fig. 4]. Figures 4(a) and 4(b) show high re-
solution (HRTEM) images of 0CZO and 5CZO films grown
on ITO, respectively. The atomic layers in 0CZO film are
regularly stacked; conversely, the atomic layers in 5CZO
film are oriented in various directions in almost entire region.
Figures 4(c) and 4(e) show FFT micrographs of the selected
rectangular region in Figs. 4(a) and 4(b), respectively.
Sharply peaked spots in Fig. 4(c) were developed from (002)
plane indicates that 0CZO film grown perpendicular to the
substrate as depicted in the inverse-fast Fourier transform
(IFFT) image of Fig. 4(c) in Fig. 4(d). Contrarily, the sharply
peaked spots in Fig. 4(e) were developed from (100) and
(101) planes that indicate randomly oriented growth of the
5CZO film. The IFFT image of Fig. 4(e) in Fig. 4(f) depicts
structural irregularities in the 5CZO film. So, these analyses
corroborate the XRD analysis.

Figure 5 shows the schematic of CF during forming,
LRS, and HRS for 0CZO, 2CZO, and 5CZO devices. The
devices made with low concentration of Co dopant have less
number of GBs and higher amount of Voo

o . The perpendicu-
larly oriented grain growth in the 0CZO film causes Voo

o ,
which easily percolate to form CF along the straight GBs,

TABLE I. The 2h, FWHM, grain size, residual stress, and degree of orientation of (002) grains in CZO film, and the HRS and LRS coefficients of variation of
CZO devices. FWHM, GS, r, and LF are full width at half maximum, grain size, residual stress, and Lotgering factor, respectively.

Device

(002) peak Coefficient of variation

2h (deg) FWHM (deg) GS (nm) r (GPa) LF (%) LRS (%) HRS (%)

0CZO 34.3823 0.61775 14.059 #2.627 70.69 4.6 4.8

2CZO 34.2636 0.61011 14.231 #10.464 56.42 7.7 41.2

5CZO 34.2134 0.5444 15.947 #13.795 45.68 21.8 65.4

FIG. 4. HRTEM images of (a) 0CZO and (b) 5CZO grown on ITO. (c) and
(e) FFT micrograph of the rectangular region in (a) and (b), respectively. (d)
and (f) IFFT images of (c) and (e), respectively. Crystal orientations were
identified by extracting d-spacings from fast Fourier transform (FFT)
micrographs.
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resulting in confined filaments across the resistive switching
layer. By contrast, 5CZO is lacking the perpendicularly ori-
ented grain boundary structures; therefore, an excessive
number of CF branches was formed and leads to a serious
switching instability. Nevertheless, the 2CZO film with an
LF factor of 56.42% demonstrates sufficient stability, indi-
cating that confined CF still played a main role in the switch-
ing process of the 2CZO device.

In conclusion, switching characteristics of ITO/ZnO1!x

CoxO/ITO highly transparent RRAM devices were investi-
gated. Co doping may suppress the formation of abundant
native defects in ZnO, leading to a larger memory window.
Excessive doping may result in the random orientation of the
grain structures; thus, branching of filaments rather than fila-
ments confinement was formed and results in serious switch-
ing instability. Nevertheless, devices with a low concentration
of Co resistive layer demonstrated stable switching for more
than 5000 cycles with a sufficient memory window. This
study not only offers a promising candidate for the future
transparent nonvolatile memory but also provides insight that
may be valuable for the fabrication of multifunctional mem-
ory and spintronic devices.

This work was supported by the Ministry of Science and
Technology, Taiwan, under Project No. NSC 102-2221-
E009-134-MY3.
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0.2, 0.4, and 0.8 Pa). All devices were highly transparent with a
transmittance of 80% at 550 nm. The average transmittance (in
the visible-light region) of all devices was only approximately
1% less transparent than that of the substrate, as shown in
Figure 1(b), which indicates that the device structure is
suitable for making invisible-wearable electronic applications.
The details of the fabrication and characterization methods are
provided in the Supporting Information. The electrical
characteristics of the devices were analyzed by using a
semiconductor device analyzer (B1500 Agilent Technologies
Inc.). A voltage bias was used at the top electrode, and the

bottom electrode was ground, while the current compliance
was maintained at 1 mA during the positive bias sweep.
The typical I!V curves of the ZnO devices that were made

with various sputtering pressures are shown in Figures 2(a!d).
Low-pressure devices (0.11 and 0.2 Pa) were able to switch
from a pristine resistance state (PRS) to a low-resistance state
(LRS, on), which is termed a forming process. However, an
attempt to switch o! the devices resulted in permanent
damage. The use of a negative bias of !2 V on the 0.11 Pa
device leads to a lower resistance state (breakdown type 1).
The use of a negative bias of !5 V on the 0.2 Pa device leads

Figure 1. (a) ZnO "lm growth rate at various working-pressure conditions. The inset shows the cross-sectional transmission electron image of the
AZO/(0.2 Pa)ZnO/ITO/PEN (polyethylene naphthalate)!substrate device structure. (b) Transmittance of fabricated devices made with various
working pressures in the visible-light region. Insets show a schematic of the device structure, photographs of the devices, and the average
transmittance of the devices in the visible-light region.

Figure 2. Typical I!V curves of devices made at (a) 0.11, (b) 0.2, (c) 0.4, and (d) 0.8 Pa. Inset in (a) shows the optical image of a 0.11 Pa device
after breakdown. Inset in (b) shows the optical image of the 0.2 Pa device after breakdown and negative bias sweep with various voltages. Inset in
(d) shows the I!V curve and set and reset of the 0.8 Pa device. (e) Endurance characteristics of 0.4 and 0.8 Pa devices and (f) statistical analysis of
(e). (g) Retention and (h) stress performance of 0.2 and 0.4 Pa devices. Synaptic characteristics of (i) 0.2, (j) 0.4, and (k) 0.8 Pa devices.
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oxygen accumulated at the AZO/ZnO interface, indicating
an oxygen-rich layer. Similar oxygen diffusion toward the

top electrode after deposition has also been observed in

devices with a metal top electrode [28]. This diffusion may
have been detected because of the oxygen vacancy con-

centration gradient between the two films. A higher con-

centration of oxygen vacancy in AZO fabricated using a
lower pressure resulted in more oxygen being withdrawn

from ZnO. Therefore, the increased oxygen deficiency in

ZnO increased the conductivity of the ZnO film.
To confirm the oxygen withdrawing phenomena in ZnO,

current–voltage (I–V) sweeps on a pristine device with

different top electrode sizes were investigated. Figure 5c
shows a log–log plot of the first I–V sweep of a pristine

1.2AZO device with top electrode diameters of 150, 250,

and 350 lm. No initial resistance state was observed for
1.2AZO devices fabricated with larger electrodes, which

may have withdrawn more oxygen from the resistive layer;

consequently, the oxygen vacancy defect concentration
below the electrode was increased and high leakage was

observed.

Statistical analysis was used to elucidate the trend of the
memory window [29]. Figure 6a shows the cumulative

probability plots of the HRS distribution. The statistical

distributions demonstrate that the HRS resistance increased
as the oxygen vacancy concentration of the top electrode

decreased. Figure 6b shows the cumulative probability
plots of set voltage (Vset) distribution. The range of the Vset

of all devices was within 1.2–1.9 V, which indicates minor

dependency of Vset on different top electrodes. However,
the statistical dispersion may represent the relationship

between switching parameters [30, 31]. Figure 6c shows

the coefficient of variation (r/l) (where r is the standard
deviation and l is the mean value) of Vset and HRS dis-

tributions. The lower value of r/l means a narrower dis-

tribution of the parameter [29]. The results showed that the
Vset distribution becomes narrower when the HRS distri-

bution is tighter. The statistical analysis indicated that

devices fabricated using a higher pressure top electrode
tend to have a wider distribution. This phenomenon may be

caused by a higher surface roughness at the AZO/ZnO

interface because of the high sputtering power.
The dispersion of switching parameters on the Vset and

Roff was dependent on the damage at the top electrode/

resistive layer interface [32]. Under high sputtering power
condition, a larger voltage drop is present across the

plasma and substrate, resulting in more ionized species

bombard the growing surface, thus causing more damage to
the growing surface and also increasing the surface

roughness of the resistive layer [32]. Nevertheless, devices

fabricated with a lower pressure top electrode exhibited a
narrow Vset and HRS dispersion, possibly because of the

Table 2 Thickness, sheet
resistance, and resistivity value
of AZO deposited on a glass
substrate and ITO/glass

Sample code Thickness (nm) Sheet resistance (X/h) Resistivity (910-3 X cm)

1.2AZO/glass 541 70.42 3.813

2.4AZO/glass 514 133.9 6.889

6AZO/glass 464 317.5 14.75

12AZO/glass 338 505 17.096

ITO/glass 320 15 0.48

Fig. 5 a TEM image of the
2.4AZO/ZnO/ITO structure,
b EDS line scan of a, and c the
log–log plot of the I–V sweep of
the pristine 1.2AZO device with
a top electrode diameter of 150,
250, and 350 lm (Color figure
online)
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where ZnxZn, O
x
o, Zn

oo
i , Voo

O , and e0 are a neutral charge of a Zn
ion in a zinc site, a neutral charge of an O ion in an O site, a
doubly positive charge of a Zn ion in an interstitial site, a
doubly positive charge of an O vacancy, and a singly nega-
tive charge of an electron, respectively. Despite the origin of
the self-doping mechanism being debatable, Znooi and Voo

o
defects are often believed to be responsible for n-type con-
ductivity in ZnO.6,26 An XPS analysis was conducted to elu-
cidate the defects’ chemistry of ZnO induced by Co doping.

Figure 3(a) shows XPS spectra of Co2p core levels. 2p3/2

and 2p1/2 doublet peaks exhibited shake-up resonance transi-
tion at higher binding energy. The binding energy difference
between Co 2p1/2and Co 2p3/2 is 15.55 eV, and there is no
sign of a shoulder at lower energy side of 2p3/2, indicating
that Co2! is incorporated into the ZnO matrix and that a Co
cluster is absent in the deposited film.20,21 By assuming non-
stoichiometric CoKOc (where K " c) that also takes place in
the reaction occurring during film growth, therefore, the possi-
ble defects equations for generation of defects caused by Co
dopant with oxidation states of doubly positive charge can be
expressed as follows:

CoKOc !
XZnO

KCoxZn ! KOx
o ! #c$ K% #O00i ! 2ho%; (3)

CoKOc !
YZnO

KCoxZn ! cOx
o ! #c$ K% #V00Zn ! 2ho%; (4)

where CoxZn, O
00
i , V

00
Zn, and ho are a neutral charge of Co ion

in a Zn site, a doubly negative charge of an O ion in an in-
terstitial site, a doubly negative charge of a Zn vacancy,
and a singly positive charge of a hole, respectively.
According to these equations, introducing the Co dopant
may create defects that can compensate electrons. These
compensator defects may trap electrons that are emitted by
Voo
o and Znooi in the Co-doped ZnO, and hence, introduce

more insulating behavior.20

Cation defects play a crucial role in the switching mecha-
nism in oxide based resistive memory. Studies have suggested
that percolated cation defects may form conducting filaments
(CF) under electrochemical reaction.27,28 Therefore, to

understand the cation related defects, XPS spectra of O1s core
levels, shown in Figure 3(b), were analyzed. O1s core level
peak is fitted with three Gaussian-resolved peaks at low, me-
dium, and high binding energies, as suggested by the amount
of oxygen in fully oxidized regions (OI), oxygen in deficient
regions (OII), and absorbed oxygen (OIII%, respectively.29 It is
found that OII is prominent. This indicates that abundant Voo

o

are present in all CZO films. The Voo
o concentration decreases

as the Co dopant content increased [Figure 3(d)]. This tend-
ency also means that the concentration of O00 in the resistive
switching layer increases as the Co dopant content increased.
Consequently, the increase in oxygen concentration leads to
higher memory window. In addition, the Zn-related defects
were investigated by analyzing the ZnLMM Auger spectra.
Prominent shape changes in Auger peak is beneficial in identi-
fying Zn species since Zn2p3/2 peak does not always have an
obvious asymmetric feature.30 Figure 3(c) shows that the
Auger ZnL3M4.5M4.5 spectra exhibits two peaks located at
approximately 498 and 494 eV that are suggested by the
amount of Zn in oxidized regions (ZnI) and in the interstitial
regions (ZnII), respectively. Similarly, the Znooi concentration
was also found to decrease as the Co dopant increased [Figure
3(d)]. A study reported that O00i and fast diffuser Znooi defects
are unstable, and therefore, they can only exist in very low
quantities.6 Consequently, self-reaction of the generated
defects due to doping (V00Zn; O

00
i ) with native defects (Znooi ,

Voo
o ) is likely the reason for the decreased concentrations of

Znooi and Voo
o after doping.

Based on the above results, Co doping creates dominant
acceptors and suppresses the concentration of native defects,
therefore, increasing the insulating behavior of the films. As a
result, the resistances increase. The resistances of 0CZO,
2CZO, and 5CZO films are 5.1& 102, 7.6& 105, and 5.9& 106

X, respectively [inset of Fig. 3(d)]. Accordingly, devices made
with higher Co dopant concentration require higher Vf to per-
colate Voo

o and form CF [Figs. 2(a)–2(c)]. However, excessive
Co dopant concentration leads to switching instability. We
believe that the growth properties of the films strongly influ-
ence the stability. The formation and rupture of CF are con-
trolled by the path and electromigration mobility of Voo

o and
oxygen ions (O00) defects.31 These defects easily accumulate
and diffuse around microstructural defects, such as grain boun-
daries (GBs).31 Therefore, XRD [Figure 1(a)] peaks in the 2h
range of 31'$37.5' are simulated to elucidate the films’
growth; see supplementary Figure S2.24

Grain size is calculated using the Scherrer formula32 and
residual stress of the film is calculated using the following
equation:22

r ( 2C2
13 $ C33 C11 $ C12# %

2C13

d $ d0
d0

; (5)

where C13, C33, C11, and C12 are elastic constants from a sin-
gle crystalline ZnO, and d and d0 are crystalline plane spac-
ing and standard plane spacing, respectively. The 2h, full
width at half maximum (FWHM), grain size, and residual
stress are provided in Table I. 2h and FWHM decreases
while the grain size and compressive stress increases with
the increase in Co dopant concentration. These results cor-
roborate the literature.20–22

FIG. 3. XPS spectra of CZO surface from (a) Co2p and (b) O1s core levels.
(c) Auger ZnL3M4.5M4.5 spectra of CZO surface. (d) Calculated oxygen va-
cancy and Zn interstitial concentration in the CZO surface. The inset of (d)
shows the I-V curve and resistance value of the CZO films.
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Non-volatile switching can be achieved when CC is
increased to 200 !A. This operation current is found to be
lower than that of the ZnO-based ECM devices in the pre-
vious literature [18–28]. Figure 3(a) shows the typical I–V
curves of the non-volatile bipolar switching of the ST device.
The ST device operated at CC of 200 !A is denoted as ST1.
The forming, reset and set voltages are approximately 2.5, !2
and 1.1 V, respectively. The ST1 demonstrates stable endur-
ance for more than 100 switching cycles with an ON/OFF
ratio of 40 times and without showing any intermediate state,
as illustrated in !gure 3(b). In order to con!rm its non-
volatility, a retention test was carried out and its result is
depicted in !gure 3(c). It is found that both LRS and HRS of
the device can be maintained for more than 104 s at room
temperature which con!rms their non-volatility behavior. It is
also found that the ST1 is able to demonstrate a good non-
destructive readout for more than 104 s at room temperature,

as depicted in !gure 3(d). The nonvolatile switching char-
acteristic can also be observed at much lower CC (35 !A)
when the synthesis time increased to 9–10 min. However, the
switching instability exhibited in the devices is made with an
excessive surface treatment. Nevertheless, this result indicates
that the ZnO2 material can be a potential candidate for ECM
cell memory. Surface analysis was conducted to understand
the switching phenomenon in AD and ST devices.

The defects and element distributions in the switching
materials may determine the switching mechanism in elec-
trochemical metallization cell [2, 3, 6, 16, 41, 42]. Therefore,
XPS analysis is conducted to assist the understanding of the
conduction mechanism. Figure 4(a) shows the XPS spectra of
O1s core level of the surface of AD and ST !lms. The O1s is
!tted with two Gaussian peaks located at 529.65 and
531.2 eV for low (OI) and high (OII) binding energy positions,
respectively. The OI corresponds to a number of oxygen ions

Figure 1. GI-XRD pattern of (a) as-deposited and surface-treated !lms, and (c) surface-treated !lm at various incident angle. (d) Typical
cross-sectional TEM image of ST device structure. (d) and (f) high-resolution TEM images of ZnO2 and ZnO layers. (e) and (g) fast Fourier
transform (FFT) images of (d) and (f), respectively.

3

Nanotechnology 28 (2017) 38LT02

/BOPUFDIOPMPHZ �� 	����
 ��-5��

'JHVSF �� 	B
 4DIFNBUJD PG EFWJDF GBCSJDBUJPO QSPDFTT áPX� 	C
 $SPTT�TFDUJPOBM USBOTNJTTJPO FMFDUSPO NJDSPTDPQZ 	5&.
 JNBHF PG
";0�;O0�*50�HMBTT EFWJDF TUSVDUVSF� 	D
 5SBOTNJUUBODF TQFDUSB PG UIF GBCSJDBUFE EFWJDFT� *OTFU JO 	D
 TIPXT UIF QIPUPHSBQI PG UIF
GBCSJDBUFE EFWJDFT� 5ZQJDBM *m7 DVSWFT PG 	E
 BT�EFQPTJUFE BOE 	F
 BT�JSSBEJBUFE EFWJDFT� 5IF MFGU JOTFUT JO 	E
 BOE 	F
 TIPX UIF MPH	*
mMPH	7

DVSWFT UBLFO GSPN UIF àSTU QPTJUJWF CJBT PO UIF QSJTUJOF EFWJDFT XIJMF UIF SJHIU JOTFUT TIPX UIF FOEVSBODF DIBSBDUFSJTUJDT PG UIF EFWJDFT�

BT�EFQPTJUFE EFWJDF� .BUFSJBMT BOBMZTJT XBT DPOEVDUFE UP FMV�
DJEBUF UIJT QIFOPNFOPO�

*U XBT SFQPSUFE UIBU B TVSGBDF USFBUNFOU CZ QMBTNB�JPOT
JSSBEJBUJPO NBZ TJHOJàDBOUMZ BMUFS UIF TVSGBDF SPVHIOFTT PG
UIF àMNT <�� ��>� NFBOXIJMF UIF DPOUPVS PG UIF FMFD�
USPEF�JOTVMBUPS JOUFSGBDF NBZ BGGFDU UIF FMFDUSJD àFME EJTUSJ�
CVUJPO EVSJOH UIF TXJUDIJOH QSPDFTT BOE BMUFS UIF FMFDUSJDBM
DIBSBDUFSJTUJDT PG UIF NFNSJTUPS EFWJDFT <�� ��m��>� )PX�
FWFS XF PCTFSWFE UIBU UIF OFVUSBM JSSBEJBUJPO USFBUNFOU TMJHIUMZ
BGGFDUFE UIF TVSGBDF UPQPHSBQIZ PG UIF ;O0 àMNT� UIF TVSGBDF

SPVHIOFTT PG UIF BT�JSSBEJBUFE àMN XBT BMNPTU UIF TBNF BT UIBU
PG UIF BT�EFQPTJUFE àMN BT TIPXO JO àHVSF �	B
� .PSFPWFS
TFDPOEBSZ�JPO NBTT TQFDUSPNFUSZ 	4*.4
 BOBMZTJT DPOàSNFE
OP FUDIJOH EBNBHF PO UIF ;O0 àMNT SFTVMUJOH GSPN UIF OFVUSBM
JSSBEJBUJPO BT EFQJDUFE JO àHVSF �	C
� UIF BCJMJUZ UP BWPJE àMN
EFHSBEBUJPO EVSJOH MPOH JSSBEJBUJPO JT B DSJUJDBM BEWBOUBHF GPS
EFWJDF EFTJHO BOE GBCSJDBUJPO XIJDI DBOOPU CF BDIJFWFE CZ UIF
DPOWFOUJPOBM QMBTNB UFDIOJRVF <�� ��>� 5IJT JOEJDBUFT UIBU UIF
TXJUDIJOH FOIBODFNFOU NBZ OPU CF EFUFSNJOFE CZ UIF TVSGBDF
OBOPTUSVDUVSF� 5IF QMBTNB�JPOT JSSBEJBUJPO IPXFWFS JOEVDFT

�

5 
 

approximately 50 nm. To study the crystal structure of the grown layers, XRD analysis was 49 

conducted, as shown in Fig. 1(c). Both the thin film and nanorod layers exhibited a (002)-/(101)-50 

oriented structure. We observed no additional peak of Ga2O3 or Ga:ZnO alloy second phases, 51 

indicating that gallium was successfully doped into the ZnO hexagonal matrix [22]. 52 

 53 

 54 

 55 

 56 

 57 

 58 

 59 

 60 

 61 

 62 

 63 

 64 

 65 

The electrical characteristics of the fabricated devices were studied by applying a bias voltage to 66 

the Cu top electrode and grounding the ITO bottom electrode, as depicted in the schematic in Fig. 67 

1(d). Current compliance (CC) was used to prevent device breakdown, and the negative sweep was 68 

maintained at −2 V for all devices. The current-voltage (I–V) curves of the TF pristine device at a 69 

Figure 1. SEM images of (a) PNR and (b) CNR grown on the ZnO/ITO/glass substrate. (c) XRD 
patterns of nanorods grown on the ZnO/ITO/glass substrate. (d) Schematic of Cu/nanorod/ZnO/ITO and 
Cu/ZnO/ITO devices. Insets in (a) and (b) show the cross section and top-view images. 
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conversely, the filament starts to rupture gradually (due to
the recombination with oxygen ions) upon applying electrical
pulses with the opposite polarity (D1 and D1+x ; D stands for
depression and x for pulse number), known as depression.

The identical pulse scheme is commonly proposed to eval-
uate the synaptic plasticity of the memristor synapses [12].
The rise time of each amplitude is kept as 1 µs. The poten-
tiation has been performed with an identical pulse of 1.2-ms
pulsewidth and operated at 1.1 V which acts as the potentiation
pulse sequence. It is similar for the depression pulse train of
!1.4-V amplitude and width of 1.2 ms. Both the potentiation
and depression pulses use read pulsewidth and amplitude
of 1 ms and ±0.4 V, respectively, as typically shown in
Fig. 2(b). After repeating the set pulse sequence for 320 times,
we achieve a conductance state variation from 125 to 325 µs
during potentiation as shown in Fig. 2(c). Similarly, after
applying the reset pulse sequence for 320 times, we achieve a
decrease in conductance, that is, depression of the resistive
synapse from 325 to 125 µs as shown in Fig. 2(d). The
conductance of the potentiation and depression quickly reaches
their saturation range after 100 pulse numbers, indicating
that the potentiation and depression behaviors induced by the
single-identical pulses (SP) scheme [Fig. 2(b)] are not effective
to train the device with higher pulse number. The ability of the
artificial synapse to show gradual potentiation and depression
with a high number of training pulses as well as to show
high linearity is important to achieve efficient neuromorphic
computing [25]. Interestingly, the synaptic plasticity can be
enhanced using double-identical pulses (DP) scheme; instead
of using the SP scheme. Therefore, we use two amplitudes
while maintaining the same amplitude at the SP scheme, and
the schematic description of the DP schemes and the linearity
result are shown in Fig. 3. The rise time of each amplitude is
kept as 1 µs for all the pulsing schemes.

As calculated, the synaptic nonlinearity under the SP
scheme [Fig. 3(a)] is calculated to be 0.83. However, the
synaptic nonlinearity for the potentiation and depression pulses
using low (0.6 and !0.8 V) and then high (1.0 and !1.2 V)
amplitudes, respectively, for (L-H DP) is 0.44, and the synaptic
nonlinearity using high (1.0 and !1.2 V) and then low (0.6 and
!0.8 V) amplitudes, respectively (H-L DP), increases to 0.64.
Nevertheless, both the DP schemes give close to unity linearity
when compared with the conventional SP scheme, indicating
more DP scheme is most suitable for the neural network
than the SP one. To evaluate the reliability of the synaptic
plasticity, we conducted training under the various schemes,
SP, L-H DP, and H-L DP, as shown in Fig. 4. A training
epoch consists of one set of potentiation followed by one set
of depression. It is found that the DP schemes perform superior
epoch stability for more than 10 500 pulse numbers than the SP
scheme. This is due to the rising speed of the applied voltage
affecting the effective reduction–oxidation (redox) filament
during potentiation and depression [26], thus determining the
shape of the conducting filament.

Fig. 5 depicts the filamentary mechanism of single pulsing,
L-H double pulsing, and H-L double pulsing. The rising speed
of each amplitude during potentiation for single pulsing is
1 V/µs; therefore, the applied voltage may rise too fast so that

Fig. 3. Pulse scheme and normalized conductance state for potentiation
and depression depicting the nonlinearity when operated under (a) and
(b) single pulsing scheme, (c) and (d) L-P double pulsing scheme, and
(e) and (f) H-P double pulsing scheme.

only small number of defects (oxygen vacancies taking part
during the redox process) can keep up with the voltage change.
This process leads to a sharp apex after completing a set of
a potentiation [Fig. 5(a) and (b)]. However, the introduction
of slower rising speed (0.6 V/µs, for the low amplitude)
during the potentiation of L-H double pulsing may provide
a larger number of defects to take part in the formation of
filament; thus, the size of the filament is larger with broader
apex [Fig. 5(c)] and more gradual potentiation can be achieved
[Fig. 2(d)].

The introduction of a fast-rising speed followed by a slower
rising speed, in the H-L double pulsing case, results in a
smaller size and sharper apex when compared with the L-H
double pulsing, larger, and broader filament when compared
with the single pulsing. Similarly, the depression is initiated
after a set of potentiation is completed and the oxygen ions
near the TE are repulsed and recombined with the oxygen
vacancies under the influence of the applied depression pulse.
The recombination process in the beginning of the depression
pulses (Dx , where x is approximately less than 50 pulses) is
faster in case of single pulsing due to the sharp apex [Fig. 5(e)]
which is also observed from the high conductance change
during Dx depression [Fig. 2(d)]. The filament rupturing is

approximately 4V was subsequently applied for conversion
from the IRS to a LRS. Negative bias of !2V and positive
bias of approximately 1.7V were applied to reset and set the
device, respectively. Device that underwent DF process is
labelled as DF device.

A DC endurance test was conducted to examine the
switching state distribution of both devices. The SF device
exhibited switching instability during 450 switching cycles,
whereas the DF device exhibited uniform and stable switching
performance with a LRS/HRS (ON/OFF) ratio of approxi-
mately 102 without data error, as shown in Figures 2(c) and
2(d), respectively. We believe that the difference in endurance
performance between the two devices is due to differences in
the characteristics of the conducting filaments across the ZnO
resistive layer, which are primarily determined by the forming
process. The formation and rupture of a conductive filament
are caused by percolated defects that are driven by electro-
chemical reactions and are responsible for the switching
mechanism in RRAM.24 The forming process enables the ox-
ygen in ZnO to be ionized (O2!), creating oxygen vacancies
(Vo

2"). Conducting filaments that consist of intrinsic defects
are then created to provide paths for electrons to flow through
the resistive layer.25 Conducting filament in metal oxide
RRAM devices is consisted of Vo

2" instead of metal ions;21,22

furthermore, a study reported that the formation of Vo
2" is

favorable because of their low formation energy in oxygen-
deficient metal oxide,26 besides no Zn metallic phase was
present in the resistive layer (inset of Figure 1(b)).

To understand bipolar forming, DF process was con-
ducted by using various first forming current compliances
(CC!f) when the second forming current compliance (CC"f)
was maintained at 1mA, and the results are shown in Figure
3(a).The first forming process performed using a higher
CC!f resulted in a lower second forming voltage. Although a
PRS can be converted to a LRS when CC!f is increased to
2mA, the LRS cannot be switched to an HRS, leading to de-
vice breakdown when negative bias is applied (not shown
here). The device breakdown in this state is explained as fol-
lows: during negative forming, electrochemical reaction
causes O2! ions to move toward the BE and accumulate at
the ZnO/BE interface because of repulsion charge; by con-
trast, Vo

2" are attracted to the TE and accumulate at the TE/
ZnO interface. Consequently, Vo

2" are arranged to create a
conducting filament that grows from the cathode toward the
anode.27,28 The size of the conducting filaments is deter-
mined on the basis of the applied current compliance.29,30

Low CC!f during first forming may result in an incomplete
filament, that is, 2mA of CC!f results in an oversized

filament. This oversized filament is unable to be ruptured
because of the lack of O2! ions at the TE/ZnO interface for
reducing substantial Vo

2" at the interface during a negative
reset attempt, leading to device breakdown.

Figure 3(b) shows that the conduction mechanism of IRS
is dominated by Fowler–Nordheim (FN) tunneling. A log
(I/V2) versus 1/V curve shows a perfect linear fit of FN tun-
neling at a high voltage region. A similar IRS conduction
mechanism was exhibited by our previously reported DF
TaN/ZrO2/HfO2/TiN devices.31 In addition to that, the differ-
ence in the oxygen concentration in the ZnO layer may
explain why the first forming process in DF cannot convert a
PRS to a LRS even though the first forming processes for DF
and SF devices use a similar voltage and current compliance.
In SF device, the conducting filament that grows from the BE
(cathode) easily reaches the TE and completes the formation
of the filament because the Vo

2" concentration toward the
AZO/ZnO interface is higher, as per our XPS result.
Conversely, in the first forming process for DF devices, the
conducting filament that grows from the TE (cathode) exhib-
its difficulty in reaching the BE to complete the filament
because of a lower Vo

2" concentration toward the ZnO/ITO
interface.

Figures 4(a) and 4(b) show schematics of a conduction
filament during forming, reset, and set processes for SF and
DF devices, respectively. For the SF device (Figure 4(a)),
O2! ions are attracted to the TE, and Vo

2" are repulsed to-
ward the BE and then accumulate at the ZnO/BE interface
when a positive bias is applied. We believe that several accu-
mulated Vo

2" are created along the ZnO/BE interface and
behave as seeds for the growth of conducting filaments

FIG. 3. (a) Typical I–V linear curves of
the double forming process performed
using various first forming current
compliances (CC!f). (b) Log (I/V

2)–1/V
curve with linear fit of Fowler–
Nordheim (FN) tunneling at high volt-
age region.

FIG. 4. Schematic switching mechanism of forming, reset, and set processes
for (a) SF and (b) DF devices.
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Non-volatile switching can be achieved when CC is
increased to 200 !A. This operation current is found to be
lower than that of the ZnO-based ECM devices in the pre-
vious literature [18–28]. Figure 3(a) shows the typical I–V
curves of the non-volatile bipolar switching of the ST device.
The ST device operated at CC of 200 !A is denoted as ST1.
The forming, reset and set voltages are approximately 2.5, !2
and 1.1 V, respectively. The ST1 demonstrates stable endur-
ance for more than 100 switching cycles with an ON/OFF
ratio of 40 times and without showing any intermediate state,
as illustrated in !gure 3(b). In order to con!rm its non-
volatility, a retention test was carried out and its result is
depicted in !gure 3(c). It is found that both LRS and HRS of
the device can be maintained for more than 104 s at room
temperature which con!rms their non-volatility behavior. It is
also found that the ST1 is able to demonstrate a good non-
destructive readout for more than 104 s at room temperature,

as depicted in !gure 3(d). The nonvolatile switching char-
acteristic can also be observed at much lower CC (35 !A)
when the synthesis time increased to 9–10 min. However, the
switching instability exhibited in the devices is made with an
excessive surface treatment. Nevertheless, this result indicates
that the ZnO2 material can be a potential candidate for ECM
cell memory. Surface analysis was conducted to understand
the switching phenomenon in AD and ST devices.

The defects and element distributions in the switching
materials may determine the switching mechanism in elec-
trochemical metallization cell [2, 3, 6, 16, 41, 42]. Therefore,
XPS analysis is conducted to assist the understanding of the
conduction mechanism. Figure 4(a) shows the XPS spectra of
O1s core level of the surface of AD and ST !lms. The O1s is
!tted with two Gaussian peaks located at 529.65 and
531.2 eV for low (OI) and high (OII) binding energy positions,
respectively. The OI corresponds to a number of oxygen ions

Figure 1. GI-XRD pattern of (a) as-deposited and surface-treated !lms, and (c) surface-treated !lm at various incident angle. (d) Typical
cross-sectional TEM image of ST device structure. (d) and (f) high-resolution TEM images of ZnO2 and ZnO layers. (e) and (g) fast Fourier
transform (FFT) images of (d) and (f), respectively.
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characteristics is necessary for further adoption and
realization of ZnO2-based switching memory.

Methods
ZnO thin film was deposited onto a commercial ITO/
glass substrate (purchased from Uni-onward Corp.).
The deposited films were immersed in hydrogen perox-
ide (30% H2O2, Perkin Elmer) solution at 100 °C for 1,
3, and 9 min. Hereafter, the surface-oxidized films were
rinsed and dried with DI water and an N2 gas gun, re-
spectively. In order to fabricate Cu/ZnO/ITO sandwich
structure devices, Cu top electrodes with a diameter of
150 !m were sputtered onto the samples (patterned
using a metal shadow mask). On a separated experi-
ment, non-surface-treated film (NT) was prepared as a
control sample for comparison. STx was used for de-
noting surface-treated samples, where x is 1, 3, and 9
representing the treatment time (minute), respectively.
Crystal structure and morphology of the films were in-
vestigated using a transmission electron microscopy
(TEM, JEOL 2100FX). A semiconductor device analyzer
(B1500, Agilent Tech. Inc.) was used to study the elec-
trical characteristics.

Results and Discussion
TEM analysis was conducted to investigate the effect of
peroxide treatment on the structural and morphology of
the films. Figure 1a shows the cross-sectional image of
ZnO film (NT) grown on ITO substrate. It is found that
the growth orientation of the film is perpendicular to
the substrate as shown in the high-resolution (HR) TEM
image in Fig. 1b.The crystal structure of the film was in-
vestigated by analyzing the fast Fourier transform (FFT)
micrograph of Fig. 1b, as depicted in Fig. 1c. The crystal
structure of the ZnO film is hexagonal wurtzite structure
(match with JCPDS#36-1451). The structure and morph-
ology of the surface of the ZnO film are altered after
peroxide treatment for 1 min (ST1), as shown in Fig. 1d.
It can be seen that the treatment leads to a formation of
a double layer. The preferred (002) orientation is dimin-
ished in the upper layer, as shown in Fig. 1e; which indi-
cates that phase transformation is occurred due to the
peroxide treatment. Figure 1f shows spot pattern analysis
of FFT micrograph of (e). The upper layer is found to be
polycrystalline cubic pyrite structure ZnO2 (match with
JCPDS#77-2414). It is confirmed that peroxide treatment
induces hexagonal-to-cubic (h-to-c) phase transform-
ation; this phenomenon corroborates with the previous

Fig. 1 TEM analysis of (a–c) control, (d–f) ST1, (g–i) ST3, and (j–l) ST9 layers. The inset in (g) and (j) are high-resolution TEM images of ST3 and
ST9, respectively

Simanjuntak et al. Nanoscale Research Letters          (2018) 13:327 Page 2 of 8
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applications.32 Material analysis was conducted to elucidate this
electrical phenomenon.

The concentration of the donor defects [oxygen vacancy (Vo)]
and [zinc interstitial (Zni)] in the switching film determines the
switching mechanism of the ZnO-based memristor.14 XPS analysis
was conducted to investigate the surface oxidation and concentra-
tion of the donor defects. Figure 3(a) depicts the XPS spectra of
the O1s core level of the surface of the as-deposited and peroxide-
treated films. Two Gaussian peaks center at approximately 530.08
and 531.83 eV [low (OI) and high (OII) binding energy positions]
fitted with the O1s spectra. In this study, OI and OII correspond to a
number of oxygen ions in the Zn-O matrix and loosely bound oxy-
gen [hydroxide (OH−) and/or peroxide (O2

−)], respectively.24 The
intensity of OII considerably increases after the treatment indicat-
ing that the peroxide treatment introduces a high amount of loosely
bound oxygen in the Zn-O matrix.24,28 Figure 3(b) depicts a redshift
of the Zn2p3 peak of the treated films which confirms the increase in
oxidation after the treatment.28,33 The concentration of Vo in ZnO2
can not be estimated by using the same method as calculating Vo in
ZnO because the oxygen in ZnO2 is mostly loose bound; generally,
Vo in ZnO is calculated from the OII/Ototal ratio.24 Nevertheless, by
assuming that Vo is directly proportional to the amount of Zni and
inverse proportional to the amount of oxygen concentration,24 we
may evaluate the changes in donor defects concentration due to the
treatment. The Zni concentration in as-deposited and treated films
can be evaluated by analyzing the ZnL3M4.5M4.5 Auger spectra,24 as
illustrated in Fig. 3(c). Two Gaussian peaks center at approximately
494 and 498 eV (low ZnI and high ZnII binding energy positions)

fitted with the ZnL3M4.5M4.5 spectra. These ZnI and ZnII values cor-
responded to the amount of Zn in the oxidized region (Zn–O bond)
and the interstitial region (Zni defect), respectively.24 The Zni, zinc,
and oxygen concentrations are calculated and presented in Fig. 3(d).
The oxygen concentration in the treated films is considerably higher
than that of the as-deposited film; conversely, the Zni concentration
is considerably lower in the treated films. In addition, an increase in
oxygen concentration indicates a decrease inVo.24,34 The XPS results
confirm that the treatment effectively reduces the concentration of
donor defects. Moreover, it was reported that the peroxide treat-
ment is able to form acceptor defects, which increased the resistivity
of the film.35 As expected, the resistances of the devices increase as
the treated time increased, as depicted in Fig. 3(e); the resistance is
an order of magnitude higher than that of the as-deposited device.
The Hall effect measurement was also conducted and confirmed the
increasing trend of the resistivity of the treated films; see Fig. S2 of
the supplementary material for details.

Based on the I-V curve fitting of the set process of the devices, it
is found that the electrical conduction that controls the switching in
the devices follows the space-charge-limited conduction which is a
typical filamentary formation and dissolution model;36–39 see Fig. S3
of the supplementary material for details. Therefore, we can infer
that the increase in the resistivity of the switching layer facilitates
the formation of a conducting filament at low CC, thus decreasing
the operation current. The operation current can be further low-
ered (CC of ∼0.25 mA) through a 10-min treatment; however, the
excessive peroxide treatment leads to further instability; see Fig. S4
of the supplementary material for details. The as-deposited device

FIG. 3. XPS spectra of (a) O1s core level and (b) Zn2p3 core level of the surface of the films. (c) Auger spectra of ZnL3M4.5M4.5 of the surface of the films. (d) Oxygen, zinc,
and zinc interstitial defect concentrations. (e) Pristine resistance of the fabricated devices.
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ZnO2 cubic–pyrite peaks are observed, which become more dom-
inant as the treatment time increased. This demonstrates the per-
oxide treatment induced a phase transformation; the ZnO wurtzite
phase transforms into the ZnO2 cubic–pyrite phase.27–31 XRD anal-
ysis was conducted with various grazing incidence (GI) angles (ω)
on the 1 and 3 min treated films to investigate the phase transforma-
tion in various depth, as shown in Figs. 1(b) and 1(c), respectively.
The intensity of the ZnO peaks increased as ω increased indicat-
ing that a ZnO2 layer forms on the surface region resulted in the
ZnO2/ZnO bilayer structure. As the treated time increased to 3 min,
the intensity of ZnO peaks decreases at all ω values [Fig. 1(c)];
this is attributed to the formation of a thicker ZnO2 layer with the
increasing treated time. The formation of the ZnO2-cubic/ZnO-
hexagonal bilayer film was also confirmed by a TEM investigation
in our previous study.24 Figure 1(d) shows a cross-sectional TEM
image of the GZO/ZnO2(1 min)/ZnO/ITO device structure. The
thicknesses of ZnO2 and ZnO are approximately 23 and 31 nm,
respectively; whereas those of GZO and ITO electrodes are approx-
imately 150 and 280 nm, respectively. Note that the thickness of the
switching layer after the peroxide treatment is slightly increased; the
thickness of the as-deposited, 1 min and 3 min switching layers is
approximately 50 nm, 54 nm, and 61 nm, respectively; see Fig. S1
of the supplementary material for details. Figure 1(e) depicts the
transmittance spectra of the fabricated devices. Although the thick-
ness of the resistive layer increases as the treatment time increases,
the transparency of the bilayer devices is found to increase slightly;
the average transmittance of the ITO/glass-substrate, as-deposited,
1 min, and 3 min treated devices in the visible region is approx-
imately 90.8%, 86.6%, 87.4%, and 87.9%, respectively. The wider
bandgap of ZnO2 (∼3.8 eV) than that of ZnO (∼3.2 eV) may
take a role in this phenomenon;28,31 further investigation on the

optical properties of ZnO2 materials is required to elucidate this
phenomenon. Nevertheless, this indicates that the ZnO2 layer for-
mation does not reduce the transparency of the device struc-
ture and ZnO2 is a suitable material for transparent electronic
applications.

Figure 2(a) illustrates the schematic diagram of the electri-
cal measurement setup; a bias voltage was applied to the GZO
top electrode, and the ITO bottom electrode was grounded; cur-
rent compliance (CC) was used during positive bias to prevent
device breakdown. Figures 2(b)–2(d) depict the typical I–V curves
and endurance performances of the memristor devices fabricated
with and without peroxide treatment. The devices exhibit gradual
counter-clockwise bipolar switching characteristics after the form-
ing process. The forming process is required to activate the switching
behavior in which the pristine state is switched into the low resis-
tance state (LRS; ON). The as-deposited device is able to form with
a CC as low as 5 mA, as depicted in Fig. 2(b). The device can be
switched from the LRS to high resistance state (HRS, OFF) by apply-
ing a negative bias of −2.5 V (reset process); Then, a positive bias is
applied to switch the device from the HRS back to LRS (set process).
The device exhibits a decaying endurance (it can be switched for
approximately 40 cycles before the device is unable to reset) [inset of
Fig. 2(b)]. The treated devices are able to operate at a lower operation
current [Figs. 2(c) and 2(d)]. The forming process can occur at CC as
low as 1 and 0.5 mA for devices with 1 and 3 min treatment, respec-
tively. The 1 and 3 min treated devices can be reset by applying −1.7
and −3 V, respectively. The device with 1 min treated time displays
a stable and long endurance (>1000 cycles with a sufficient ON/OFF
ratio of 25 times). Conversely, a long treated time (3 min) results
in unstable switching at early cycles. Nevertheless, both devices
(1 min and 3 min) exhibit acceptable ON/OFF ratio for data storage

FIG. 2. (a) Schematic diagram of
the device structure and measurement
setup. Typical I–V curves of (b) as-
deposited device and (c) 1 min and (d)
3 min treated devices. Insets in (b)–(d)
depict endurance performances of the
devices.

APL Mater. 7, 051108 (2019); doi: 10.1063/1.5092991 7, 051108-3

© Author(s) 2019

APL Materials ARTICLE scitation.org/journal/apm

requires high CC due to the abundance of native defects. HRS decay-
ing during endurance test indicates that the amount of oxygen in the
ZnO film is not sufficient to maintain the cycle-to-cycle operation
[Fig. 2(b)]. Conversely, the introduction of the ZnO2 layer between
the top electrode and the ZnO layer not only decreases the oper-
ation current but also provides sufficient oxygen to maintain long
endurance [Figs. 2(c) and 2(d)]. However, an excessive formation of
the ZnO2 layer (3 min or longer treatment) may induce switching
instability [Fig. 2(d)]. The switching instability may be occurred due
to the formation of a branching filament in the switching film.14

Since the Vo defects typically drift at grain boundaries,14 the
switching stability is strongly affected by the nature of the ZnO2
microstructure. Figures 4(a) and 4(b) illustrate the schematic dia-
grams of the switching mechanism in 1 and 3 min treated devices,
respectively. Based on GI-XRD analysis [Figs. 1(a)–1(c)], ZnO2 has
a cubic–pyrite structure with randomly oriented grain growth in the
polycrystalline microstructure. Thus, the ZnO2 region has a large
number of grain boundaries. By contrast, the (002)-preferred orien-
tation of the ZnO layer yields an oriented microstructure in which
column-grain growth is perpendicular to the substrate [Figs. 4(a-i)
and 4(b-i)].14 During formation and set processes, oxygen vacancies
are attracted to the bottom electrode, and oxygen ions are drawn
to the top electrode under the influence of an electric field. Thus,

the conducting filament is formed connecting the bottom and top
electrodes (LRS); these ions and defects drift at the grain boundaries
[Fig. 4(a-ii)]. Because ZnO2 has a high number of random grain
boundaries, the filament tends to form a branch structure at this
layer. During the reset process, the employment of a small voltage
of −1.7 V on the 1 min device is sufficient to rupture the filament
by repulsing the oxygen ions from the top electrode and recombin-
ing with the oxygen vacancies (HRS). However, the 3-min device
has a higher number of branch filaments due to the increase in the
ZnO2 layer region in the bilayer structure [Figs. 4(b-ii) and 1(c)].
Consequently, a high reset voltage (−3 V) is required to rupture
the branch filaments [Figs. 4(b-iii) and 4(b-iv)]. Moreover, the reset
process cannot rely only on the electric field-induced oxygen ion–
oxygen vacancy recombination. Joule heating also plays a crucial
role in encouraging the rupture of the filament.14 The high negative
voltage is required to ensure that the Joule heating effect provides
sufficient thermal energy to rupture all of the filament branches at
the GZO/ZnO2 interface.40 Thus, the low reset voltage (<−3 V) can
result in a severe switching instability; see Fig. S5 of the supplemen-
tary material for details. The instability is less obvious in the LRS
because the set process does not require a Joule heating effect; fur-
thermore, the use of CC during a positive bias sweep limits the max-
imum current that could flow through the switching film, regardless

FIG. 4. Schematic diagrams of the switching mechanism at LRS and HRS states for the devices fabricated with (a) 1 min and (b) 3 min treatment.
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0.2, 0.4, and 0.8 Pa). All devices were highly transparent with a
transmittance of 80% at 550 nm. The average transmittance (in
the visible-light region) of all devices was only approximately
1% less transparent than that of the substrate, as shown in
Figure 1(b), which indicates that the device structure is
suitable for making invisible-wearable electronic applications.
The details of the fabrication and characterization methods are
provided in the Supporting Information. The electrical
characteristics of the devices were analyzed by using a
semiconductor device analyzer (B1500 Agilent Technologies
Inc.). A voltage bias was used at the top electrode, and the

bottom electrode was ground, while the current compliance
was maintained at 1 mA during the positive bias sweep.
The typical I!V curves of the ZnO devices that were made

with various sputtering pressures are shown in Figures 2(a!d).
Low-pressure devices (0.11 and 0.2 Pa) were able to switch
from a pristine resistance state (PRS) to a low-resistance state
(LRS, on), which is termed a forming process. However, an
attempt to switch o! the devices resulted in permanent
damage. The use of a negative bias of !2 V on the 0.11 Pa
device leads to a lower resistance state (breakdown type 1).
The use of a negative bias of !5 V on the 0.2 Pa device leads

Figure 1. (a) ZnO "lm growth rate at various working-pressure conditions. The inset shows the cross-sectional transmission electron image of the
AZO/(0.2 Pa)ZnO/ITO/PEN (polyethylene naphthalate)!substrate device structure. (b) Transmittance of fabricated devices made with various
working pressures in the visible-light region. Insets show a schematic of the device structure, photographs of the devices, and the average
transmittance of the devices in the visible-light region.

Figure 2. Typical I!V curves of devices made at (a) 0.11, (b) 0.2, (c) 0.4, and (d) 0.8 Pa. Inset in (a) shows the optical image of a 0.11 Pa device
after breakdown. Inset in (b) shows the optical image of the 0.2 Pa device after breakdown and negative bias sweep with various voltages. Inset in
(d) shows the I!V curve and set and reset of the 0.8 Pa device. (e) Endurance characteristics of 0.4 and 0.8 Pa devices and (f) statistical analysis of
(e). (g) Retention and (h) stress performance of 0.2 and 0.4 Pa devices. Synaptic characteristics of (i) 0.2, (j) 0.4, and (k) 0.8 Pa devices.
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oxygen accumulated at the AZO/ZnO interface, indicating
an oxygen-rich layer. Similar oxygen diffusion toward the

top electrode after deposition has also been observed in

devices with a metal top electrode [28]. This diffusion may
have been detected because of the oxygen vacancy con-

centration gradient between the two films. A higher con-

centration of oxygen vacancy in AZO fabricated using a
lower pressure resulted in more oxygen being withdrawn

from ZnO. Therefore, the increased oxygen deficiency in

ZnO increased the conductivity of the ZnO film.
To confirm the oxygen withdrawing phenomena in ZnO,

current–voltage (I–V) sweeps on a pristine device with

different top electrode sizes were investigated. Figure 5c
shows a log–log plot of the first I–V sweep of a pristine

1.2AZO device with top electrode diameters of 150, 250,

and 350 lm. No initial resistance state was observed for
1.2AZO devices fabricated with larger electrodes, which

may have withdrawn more oxygen from the resistive layer;

consequently, the oxygen vacancy defect concentration
below the electrode was increased and high leakage was

observed.

Statistical analysis was used to elucidate the trend of the
memory window [29]. Figure 6a shows the cumulative

probability plots of the HRS distribution. The statistical

distributions demonstrate that the HRS resistance increased
as the oxygen vacancy concentration of the top electrode

decreased. Figure 6b shows the cumulative probability
plots of set voltage (Vset) distribution. The range of the Vset

of all devices was within 1.2–1.9 V, which indicates minor

dependency of Vset on different top electrodes. However,
the statistical dispersion may represent the relationship

between switching parameters [30, 31]. Figure 6c shows

the coefficient of variation (r/l) (where r is the standard
deviation and l is the mean value) of Vset and HRS dis-

tributions. The lower value of r/l means a narrower dis-

tribution of the parameter [29]. The results showed that the
Vset distribution becomes narrower when the HRS distri-

bution is tighter. The statistical analysis indicated that

devices fabricated using a higher pressure top electrode
tend to have a wider distribution. This phenomenon may be

caused by a higher surface roughness at the AZO/ZnO

interface because of the high sputtering power.
The dispersion of switching parameters on the Vset and

Roff was dependent on the damage at the top electrode/

resistive layer interface [32]. Under high sputtering power
condition, a larger voltage drop is present across the

plasma and substrate, resulting in more ionized species

bombard the growing surface, thus causing more damage to
the growing surface and also increasing the surface

roughness of the resistive layer [32]. Nevertheless, devices

fabricated with a lower pressure top electrode exhibited a
narrow Vset and HRS dispersion, possibly because of the

Table 2 Thickness, sheet
resistance, and resistivity value
of AZO deposited on a glass
substrate and ITO/glass

Sample code Thickness (nm) Sheet resistance (X/h) Resistivity (910-3 X cm)

1.2AZO/glass 541 70.42 3.813

2.4AZO/glass 514 133.9 6.889

6AZO/glass 464 317.5 14.75

12AZO/glass 338 505 17.096

ITO/glass 320 15 0.48

Fig. 5 a TEM image of the
2.4AZO/ZnO/ITO structure,
b EDS line scan of a, and c the
log–log plot of the I–V sweep of
the pristine 1.2AZO device with
a top electrode diameter of 150,
250, and 350 lm (Color figure
online)
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where ZnxZn, O
x
o, Zn

oo
i , Voo

O , and e0 are a neutral charge of a Zn
ion in a zinc site, a neutral charge of an O ion in an O site, a
doubly positive charge of a Zn ion in an interstitial site, a
doubly positive charge of an O vacancy, and a singly nega-
tive charge of an electron, respectively. Despite the origin of
the self-doping mechanism being debatable, Znooi and Voo

o
defects are often believed to be responsible for n-type con-
ductivity in ZnO.6,26 An XPS analysis was conducted to elu-
cidate the defects’ chemistry of ZnO induced by Co doping.

Figure 3(a) shows XPS spectra of Co2p core levels. 2p3/2

and 2p1/2 doublet peaks exhibited shake-up resonance transi-
tion at higher binding energy. The binding energy difference
between Co 2p1/2and Co 2p3/2 is 15.55 eV, and there is no
sign of a shoulder at lower energy side of 2p3/2, indicating
that Co2! is incorporated into the ZnO matrix and that a Co
cluster is absent in the deposited film.20,21 By assuming non-
stoichiometric CoKOc (where K " c) that also takes place in
the reaction occurring during film growth, therefore, the possi-
ble defects equations for generation of defects caused by Co
dopant with oxidation states of doubly positive charge can be
expressed as follows:

CoKOc !
XZnO

KCoxZn ! KOx
o ! #c$ K% #O00i ! 2ho%; (3)

CoKOc !
YZnO

KCoxZn ! cOx
o ! #c$ K% #V00Zn ! 2ho%; (4)

where CoxZn, O
00
i , V

00
Zn, and ho are a neutral charge of Co ion

in a Zn site, a doubly negative charge of an O ion in an in-
terstitial site, a doubly negative charge of a Zn vacancy,
and a singly positive charge of a hole, respectively.
According to these equations, introducing the Co dopant
may create defects that can compensate electrons. These
compensator defects may trap electrons that are emitted by
Voo
o and Znooi in the Co-doped ZnO, and hence, introduce

more insulating behavior.20

Cation defects play a crucial role in the switching mecha-
nism in oxide based resistive memory. Studies have suggested
that percolated cation defects may form conducting filaments
(CF) under electrochemical reaction.27,28 Therefore, to

understand the cation related defects, XPS spectra of O1s core
levels, shown in Figure 3(b), were analyzed. O1s core level
peak is fitted with three Gaussian-resolved peaks at low, me-
dium, and high binding energies, as suggested by the amount
of oxygen in fully oxidized regions (OI), oxygen in deficient
regions (OII), and absorbed oxygen (OIII%, respectively.29 It is
found that OII is prominent. This indicates that abundant Voo

o

are present in all CZO films. The Voo
o concentration decreases

as the Co dopant content increased [Figure 3(d)]. This tend-
ency also means that the concentration of O00 in the resistive
switching layer increases as the Co dopant content increased.
Consequently, the increase in oxygen concentration leads to
higher memory window. In addition, the Zn-related defects
were investigated by analyzing the ZnLMM Auger spectra.
Prominent shape changes in Auger peak is beneficial in identi-
fying Zn species since Zn2p3/2 peak does not always have an
obvious asymmetric feature.30 Figure 3(c) shows that the
Auger ZnL3M4.5M4.5 spectra exhibits two peaks located at
approximately 498 and 494 eV that are suggested by the
amount of Zn in oxidized regions (ZnI) and in the interstitial
regions (ZnII), respectively. Similarly, the Znooi concentration
was also found to decrease as the Co dopant increased [Figure
3(d)]. A study reported that O00i and fast diffuser Znooi defects
are unstable, and therefore, they can only exist in very low
quantities.6 Consequently, self-reaction of the generated
defects due to doping (V00Zn; O

00
i ) with native defects (Znooi ,

Voo
o ) is likely the reason for the decreased concentrations of

Znooi and Voo
o after doping.

Based on the above results, Co doping creates dominant
acceptors and suppresses the concentration of native defects,
therefore, increasing the insulating behavior of the films. As a
result, the resistances increase. The resistances of 0CZO,
2CZO, and 5CZO films are 5.1& 102, 7.6& 105, and 5.9& 106

X, respectively [inset of Fig. 3(d)]. Accordingly, devices made
with higher Co dopant concentration require higher Vf to per-
colate Voo

o and form CF [Figs. 2(a)–2(c)]. However, excessive
Co dopant concentration leads to switching instability. We
believe that the growth properties of the films strongly influ-
ence the stability. The formation and rupture of CF are con-
trolled by the path and electromigration mobility of Voo

o and
oxygen ions (O00) defects.31 These defects easily accumulate
and diffuse around microstructural defects, such as grain boun-
daries (GBs).31 Therefore, XRD [Figure 1(a)] peaks in the 2h
range of 31'$37.5' are simulated to elucidate the films’
growth; see supplementary Figure S2.24

Grain size is calculated using the Scherrer formula32 and
residual stress of the film is calculated using the following
equation:22

r ( 2C2
13 $ C33 C11 $ C12# %

2C13

d $ d0
d0

; (5)

where C13, C33, C11, and C12 are elastic constants from a sin-
gle crystalline ZnO, and d and d0 are crystalline plane spac-
ing and standard plane spacing, respectively. The 2h, full
width at half maximum (FWHM), grain size, and residual
stress are provided in Table I. 2h and FWHM decreases
while the grain size and compressive stress increases with
the increase in Co dopant concentration. These results cor-
roborate the literature.20–22

FIG. 3. XPS spectra of CZO surface from (a) Co2p and (b) O1s core levels.
(c) Auger ZnL3M4.5M4.5 spectra of CZO surface. (d) Calculated oxygen va-
cancy and Zn interstitial concentration in the CZO surface. The inset of (d)
shows the I-V curve and resistance value of the CZO films.
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Non-volatile switching can be achieved when CC is
increased to 200 !A. This operation current is found to be
lower than that of the ZnO-based ECM devices in the pre-
vious literature [18–28]. Figure 3(a) shows the typical I–V
curves of the non-volatile bipolar switching of the ST device.
The ST device operated at CC of 200 !A is denoted as ST1.
The forming, reset and set voltages are approximately 2.5, !2
and 1.1 V, respectively. The ST1 demonstrates stable endur-
ance for more than 100 switching cycles with an ON/OFF
ratio of 40 times and without showing any intermediate state,
as illustrated in !gure 3(b). In order to con!rm its non-
volatility, a retention test was carried out and its result is
depicted in !gure 3(c). It is found that both LRS and HRS of
the device can be maintained for more than 104 s at room
temperature which con!rms their non-volatility behavior. It is
also found that the ST1 is able to demonstrate a good non-
destructive readout for more than 104 s at room temperature,

as depicted in !gure 3(d). The nonvolatile switching char-
acteristic can also be observed at much lower CC (35 !A)
when the synthesis time increased to 9–10 min. However, the
switching instability exhibited in the devices is made with an
excessive surface treatment. Nevertheless, this result indicates
that the ZnO2 material can be a potential candidate for ECM
cell memory. Surface analysis was conducted to understand
the switching phenomenon in AD and ST devices.

The defects and element distributions in the switching
materials may determine the switching mechanism in elec-
trochemical metallization cell [2, 3, 6, 16, 41, 42]. Therefore,
XPS analysis is conducted to assist the understanding of the
conduction mechanism. Figure 4(a) shows the XPS spectra of
O1s core level of the surface of AD and ST !lms. The O1s is
!tted with two Gaussian peaks located at 529.65 and
531.2 eV for low (OI) and high (OII) binding energy positions,
respectively. The OI corresponds to a number of oxygen ions

Figure 1. GI-XRD pattern of (a) as-deposited and surface-treated !lms, and (c) surface-treated !lm at various incident angle. (d) Typical
cross-sectional TEM image of ST device structure. (d) and (f) high-resolution TEM images of ZnO2 and ZnO layers. (e) and (g) fast Fourier
transform (FFT) images of (d) and (f), respectively.

3

Nanotechnology 28 (2017) 38LT02

/BOPUFDIOPMPHZ �� 	����
 ��-5��

'JHVSF �� 	B
 4DIFNBUJD PG EFWJDF GBCSJDBUJPO QSPDFTT áPX� 	C
 $SPTT�TFDUJPOBM USBOTNJTTJPO FMFDUSPO NJDSPTDPQZ 	5&.
 JNBHF PG
";0�;O0�*50�HMBTT EFWJDF TUSVDUVSF� 	D
 5SBOTNJUUBODF TQFDUSB PG UIF GBCSJDBUFE EFWJDFT� *OTFU JO 	D
 TIPXT UIF QIPUPHSBQI PG UIF
GBCSJDBUFE EFWJDFT� 5ZQJDBM *m7 DVSWFT PG 	E
 BT�EFQPTJUFE BOE 	F
 BT�JSSBEJBUFE EFWJDFT� 5IF MFGU JOTFUT JO 	E
 BOE 	F
 TIPX UIF MPH	*
mMPH	7

DVSWFT UBLFO GSPN UIF àSTU QPTJUJWF CJBT PO UIF QSJTUJOF EFWJDFT XIJMF UIF SJHIU JOTFUT TIPX UIF FOEVSBODF DIBSBDUFSJTUJDT PG UIF EFWJDFT�

BT�EFQPTJUFE EFWJDF� .BUFSJBMT BOBMZTJT XBT DPOEVDUFE UP FMV�
DJEBUF UIJT QIFOPNFOPO�

*U XBT SFQPSUFE UIBU B TVSGBDF USFBUNFOU CZ QMBTNB�JPOT
JSSBEJBUJPO NBZ TJHOJàDBOUMZ BMUFS UIF TVSGBDF SPVHIOFTT PG
UIF àMNT <�� ��>� NFBOXIJMF UIF DPOUPVS PG UIF FMFD�
USPEF�JOTVMBUPS JOUFSGBDF NBZ BGGFDU UIF FMFDUSJD àFME EJTUSJ�
CVUJPO EVSJOH UIF TXJUDIJOH QSPDFTT BOE BMUFS UIF FMFDUSJDBM
DIBSBDUFSJTUJDT PG UIF NFNSJTUPS EFWJDFT <�� ��m��>� )PX�
FWFS XF PCTFSWFE UIBU UIF OFVUSBM JSSBEJBUJPO USFBUNFOU TMJHIUMZ
BGGFDUFE UIF TVSGBDF UPQPHSBQIZ PG UIF ;O0 àMNT� UIF TVSGBDF

SPVHIOFTT PG UIF BT�JSSBEJBUFE àMN XBT BMNPTU UIF TBNF BT UIBU
PG UIF BT�EFQPTJUFE àMN BT TIPXO JO àHVSF �	B
� .PSFPWFS
TFDPOEBSZ�JPO NBTT TQFDUSPNFUSZ 	4*.4
 BOBMZTJT DPOàSNFE
OP FUDIJOH EBNBHF PO UIF ;O0 àMNT SFTVMUJOH GSPN UIF OFVUSBM
JSSBEJBUJPO BT EFQJDUFE JO àHVSF �	C
� UIF BCJMJUZ UP BWPJE àMN
EFHSBEBUJPO EVSJOH MPOH JSSBEJBUJPO JT B DSJUJDBM BEWBOUBHF GPS
EFWJDF EFTJHO BOE GBCSJDBUJPO XIJDI DBOOPU CF BDIJFWFE CZ UIF
DPOWFOUJPOBM QMBTNB UFDIOJRVF <�� ��>� 5IJT JOEJDBUFT UIBU UIF
TXJUDIJOH FOIBODFNFOU NBZ OPU CF EFUFSNJOFE CZ UIF TVSGBDF
OBOPTUSVDUVSF� 5IF QMBTNB�JPOT JSSBEJBUJPO IPXFWFS JOEVDFT

�

5 
 

approximately 50 nm. To study the crystal structure of the grown layers, XRD analysis was 49 

conducted, as shown in Fig. 1(c). Both the thin film and nanorod layers exhibited a (002)-/(101)-50 

oriented structure. We observed no additional peak of Ga2O3 or Ga:ZnO alloy second phases, 51 

indicating that gallium was successfully doped into the ZnO hexagonal matrix [22]. 52 

 53 

 54 

 55 

 56 

 57 

 58 

 59 

 60 

 61 

 62 

 63 

 64 

 65 

The electrical characteristics of the fabricated devices were studied by applying a bias voltage to 66 

the Cu top electrode and grounding the ITO bottom electrode, as depicted in the schematic in Fig. 67 

1(d). Current compliance (CC) was used to prevent device breakdown, and the negative sweep was 68 

maintained at −2 V for all devices. The current-voltage (I–V) curves of the TF pristine device at a 69 

Figure 1. SEM images of (a) PNR and (b) CNR grown on the ZnO/ITO/glass substrate. (c) XRD 
patterns of nanorods grown on the ZnO/ITO/glass substrate. (d) Schematic of Cu/nanorod/ZnO/ITO and 
Cu/ZnO/ITO devices. Insets in (a) and (b) show the cross section and top-view images. 
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conversely, the filament starts to rupture gradually (due to
the recombination with oxygen ions) upon applying electrical
pulses with the opposite polarity (D1 and D1+x ; D stands for
depression and x for pulse number), known as depression.

The identical pulse scheme is commonly proposed to eval-
uate the synaptic plasticity of the memristor synapses [12].
The rise time of each amplitude is kept as 1 µs. The poten-
tiation has been performed with an identical pulse of 1.2-ms
pulsewidth and operated at 1.1 V which acts as the potentiation
pulse sequence. It is similar for the depression pulse train of
!1.4-V amplitude and width of 1.2 ms. Both the potentiation
and depression pulses use read pulsewidth and amplitude
of 1 ms and ±0.4 V, respectively, as typically shown in
Fig. 2(b). After repeating the set pulse sequence for 320 times,
we achieve a conductance state variation from 125 to 325 µs
during potentiation as shown in Fig. 2(c). Similarly, after
applying the reset pulse sequence for 320 times, we achieve a
decrease in conductance, that is, depression of the resistive
synapse from 325 to 125 µs as shown in Fig. 2(d). The
conductance of the potentiation and depression quickly reaches
their saturation range after 100 pulse numbers, indicating
that the potentiation and depression behaviors induced by the
single-identical pulses (SP) scheme [Fig. 2(b)] are not effective
to train the device with higher pulse number. The ability of the
artificial synapse to show gradual potentiation and depression
with a high number of training pulses as well as to show
high linearity is important to achieve efficient neuromorphic
computing [25]. Interestingly, the synaptic plasticity can be
enhanced using double-identical pulses (DP) scheme; instead
of using the SP scheme. Therefore, we use two amplitudes
while maintaining the same amplitude at the SP scheme, and
the schematic description of the DP schemes and the linearity
result are shown in Fig. 3. The rise time of each amplitude is
kept as 1 µs for all the pulsing schemes.

As calculated, the synaptic nonlinearity under the SP
scheme [Fig. 3(a)] is calculated to be 0.83. However, the
synaptic nonlinearity for the potentiation and depression pulses
using low (0.6 and !0.8 V) and then high (1.0 and !1.2 V)
amplitudes, respectively, for (L-H DP) is 0.44, and the synaptic
nonlinearity using high (1.0 and !1.2 V) and then low (0.6 and
!0.8 V) amplitudes, respectively (H-L DP), increases to 0.64.
Nevertheless, both the DP schemes give close to unity linearity
when compared with the conventional SP scheme, indicating
more DP scheme is most suitable for the neural network
than the SP one. To evaluate the reliability of the synaptic
plasticity, we conducted training under the various schemes,
SP, L-H DP, and H-L DP, as shown in Fig. 4. A training
epoch consists of one set of potentiation followed by one set
of depression. It is found that the DP schemes perform superior
epoch stability for more than 10 500 pulse numbers than the SP
scheme. This is due to the rising speed of the applied voltage
affecting the effective reduction–oxidation (redox) filament
during potentiation and depression [26], thus determining the
shape of the conducting filament.

Fig. 5 depicts the filamentary mechanism of single pulsing,
L-H double pulsing, and H-L double pulsing. The rising speed
of each amplitude during potentiation for single pulsing is
1 V/µs; therefore, the applied voltage may rise too fast so that

Fig. 3. Pulse scheme and normalized conductance state for potentiation
and depression depicting the nonlinearity when operated under (a) and
(b) single pulsing scheme, (c) and (d) L-P double pulsing scheme, and
(e) and (f) H-P double pulsing scheme.

only small number of defects (oxygen vacancies taking part
during the redox process) can keep up with the voltage change.
This process leads to a sharp apex after completing a set of
a potentiation [Fig. 5(a) and (b)]. However, the introduction
of slower rising speed (0.6 V/µs, for the low amplitude)
during the potentiation of L-H double pulsing may provide
a larger number of defects to take part in the formation of
filament; thus, the size of the filament is larger with broader
apex [Fig. 5(c)] and more gradual potentiation can be achieved
[Fig. 2(d)].

The introduction of a fast-rising speed followed by a slower
rising speed, in the H-L double pulsing case, results in a
smaller size and sharper apex when compared with the L-H
double pulsing, larger, and broader filament when compared
with the single pulsing. Similarly, the depression is initiated
after a set of potentiation is completed and the oxygen ions
near the TE are repulsed and recombined with the oxygen
vacancies under the influence of the applied depression pulse.
The recombination process in the beginning of the depression
pulses (Dx , where x is approximately less than 50 pulses) is
faster in case of single pulsing due to the sharp apex [Fig. 5(e)]
which is also observed from the high conductance change
during Dx depression [Fig. 2(d)]. The filament rupturing is

approximately 4V was subsequently applied for conversion
from the IRS to a LRS. Negative bias of !2V and positive
bias of approximately 1.7V were applied to reset and set the
device, respectively. Device that underwent DF process is
labelled as DF device.

A DC endurance test was conducted to examine the
switching state distribution of both devices. The SF device
exhibited switching instability during 450 switching cycles,
whereas the DF device exhibited uniform and stable switching
performance with a LRS/HRS (ON/OFF) ratio of approxi-
mately 102 without data error, as shown in Figures 2(c) and
2(d), respectively. We believe that the difference in endurance
performance between the two devices is due to differences in
the characteristics of the conducting filaments across the ZnO
resistive layer, which are primarily determined by the forming
process. The formation and rupture of a conductive filament
are caused by percolated defects that are driven by electro-
chemical reactions and are responsible for the switching
mechanism in RRAM.24 The forming process enables the ox-
ygen in ZnO to be ionized (O2!), creating oxygen vacancies
(Vo

2"). Conducting filaments that consist of intrinsic defects
are then created to provide paths for electrons to flow through
the resistive layer.25 Conducting filament in metal oxide
RRAM devices is consisted of Vo

2" instead of metal ions;21,22

furthermore, a study reported that the formation of Vo
2" is

favorable because of their low formation energy in oxygen-
deficient metal oxide,26 besides no Zn metallic phase was
present in the resistive layer (inset of Figure 1(b)).

To understand bipolar forming, DF process was con-
ducted by using various first forming current compliances
(CC!f) when the second forming current compliance (CC"f)
was maintained at 1mA, and the results are shown in Figure
3(a).The first forming process performed using a higher
CC!f resulted in a lower second forming voltage. Although a
PRS can be converted to a LRS when CC!f is increased to
2mA, the LRS cannot be switched to an HRS, leading to de-
vice breakdown when negative bias is applied (not shown
here). The device breakdown in this state is explained as fol-
lows: during negative forming, electrochemical reaction
causes O2! ions to move toward the BE and accumulate at
the ZnO/BE interface because of repulsion charge; by con-
trast, Vo

2" are attracted to the TE and accumulate at the TE/
ZnO interface. Consequently, Vo

2" are arranged to create a
conducting filament that grows from the cathode toward the
anode.27,28 The size of the conducting filaments is deter-
mined on the basis of the applied current compliance.29,30

Low CC!f during first forming may result in an incomplete
filament, that is, 2mA of CC!f results in an oversized

filament. This oversized filament is unable to be ruptured
because of the lack of O2! ions at the TE/ZnO interface for
reducing substantial Vo

2" at the interface during a negative
reset attempt, leading to device breakdown.

Figure 3(b) shows that the conduction mechanism of IRS
is dominated by Fowler–Nordheim (FN) tunneling. A log
(I/V2) versus 1/V curve shows a perfect linear fit of FN tun-
neling at a high voltage region. A similar IRS conduction
mechanism was exhibited by our previously reported DF
TaN/ZrO2/HfO2/TiN devices.31 In addition to that, the differ-
ence in the oxygen concentration in the ZnO layer may
explain why the first forming process in DF cannot convert a
PRS to a LRS even though the first forming processes for DF
and SF devices use a similar voltage and current compliance.
In SF device, the conducting filament that grows from the BE
(cathode) easily reaches the TE and completes the formation
of the filament because the Vo

2" concentration toward the
AZO/ZnO interface is higher, as per our XPS result.
Conversely, in the first forming process for DF devices, the
conducting filament that grows from the TE (cathode) exhib-
its difficulty in reaching the BE to complete the filament
because of a lower Vo

2" concentration toward the ZnO/ITO
interface.

Figures 4(a) and 4(b) show schematics of a conduction
filament during forming, reset, and set processes for SF and
DF devices, respectively. For the SF device (Figure 4(a)),
O2! ions are attracted to the TE, and Vo

2" are repulsed to-
ward the BE and then accumulate at the ZnO/BE interface
when a positive bias is applied. We believe that several accu-
mulated Vo

2" are created along the ZnO/BE interface and
behave as seeds for the growth of conducting filaments

FIG. 3. (a) Typical I–V linear curves of
the double forming process performed
using various first forming current
compliances (CC!f). (b) Log (I/V

2)–1/V
curve with linear fit of Fowler–
Nordheim (FN) tunneling at high volt-
age region.

FIG. 4. Schematic switching mechanism of forming, reset, and set processes
for (a) SF and (b) DF devices.
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ITO were fitted to four peaks by using a method reported in
a previous study.23 Subsequently, the Vo

2! distribution was
determined by analyzing the O1s core level through XPS
depth profile spectra, as shown in Figure 1(d), revealing that
the Vo

2! concentration in ZnO near the AZO/ZnO interface
was high and decreased toward the ZnO/ITO interface.

Typical resistive switching of the devices was investi-
gated by applying a bias voltage to the TE when the bottom
electrode (BE) was grounded. Figures 2(a) and 2(b) depict
I–V curves of devices that underwent single forming (SF) and
double forming (DF), respectively, and a 1mA current com-
pliance was applied to prevent device breakdown. SF process
is carried out as follows: a positive bias of approximately 6V

is necessary for conversion from a pristine resistance state
(PRS) to a low resistance state (LRS); this process is called
forming. The device can be switched from a LRS to a high re-
sistance state (HRS) by applying a negative bias of "2V; this
process is called reset. Conversely, the device can be switched
from an HRS to a LRS by applying a positive bias of approxi-
mately 1–2V. Device that underwent SF process is labelled as
SF device. On the other hand, DF process is carried out as fol-
lows: two-step forming is conducted by applying both positive
and negative bias to set a device. The first step of the forming
process was conducted by applying a negative bias of approxi-
mately "5.5V to convert the device from a PRS to an inter-
mediate resistance state (IRS), and a positive bias of

FIG. 1. (a) Typical cross sectional
TEM image of AZO/ZnO/ITO struc-
ture, (b) XRD pattern of ZnO, (c) XPS
depth profile spectra of the sandwich
structure from the O1s core level, and
(d) its calculated oxygen vacancy con-
centration distribution. The inset in (b)
shows XPS spectra of ZnO from the
O1s and Zn2p3/2 core levels and that in
(c) is a cross sectional TEM image of
AZO/ZnO1-x /ITO with a schematic
sketch of the depth position.

FIG. 2. (a) Typical I–V curves of
AZO/ZnO1-x/ITO devices after single
and (b) double forming. (c) DC endur-
ance behaviors of TRRAM devices af-
ter single and (d) double forming
(Arrows indicate sweeping directions).
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approximately 4V was subsequently applied for conversion
from the IRS to a LRS. Negative bias of !2V and positive
bias of approximately 1.7V were applied to reset and set the
device, respectively. Device that underwent DF process is
labelled as DF device.
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exhibited switching instability during 450 switching cycles,
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performance with a LRS/HRS (ON/OFF) ratio of approxi-
mately 102 without data error, as shown in Figures 2(c) and
2(d), respectively. We believe that the difference in endurance
performance between the two devices is due to differences in
the characteristics of the conducting filaments across the ZnO
resistive layer, which are primarily determined by the forming
process. The formation and rupture of a conductive filament
are caused by percolated defects that are driven by electro-
chemical reactions and are responsible for the switching
mechanism in RRAM.24 The forming process enables the ox-
ygen in ZnO to be ionized (O2!), creating oxygen vacancies
(Vo

2"). Conducting filaments that consist of intrinsic defects
are then created to provide paths for electrons to flow through
the resistive layer.25 Conducting filament in metal oxide
RRAM devices is consisted of Vo

2" instead of metal ions;21,22

furthermore, a study reported that the formation of Vo
2" is

favorable because of their low formation energy in oxygen-
deficient metal oxide,26 besides no Zn metallic phase was
present in the resistive layer (inset of Figure 1(b)).

To understand bipolar forming, DF process was con-
ducted by using various first forming current compliances
(CC!f) when the second forming current compliance (CC"f)
was maintained at 1mA, and the results are shown in Figure
3(a).The first forming process performed using a higher
CC!f resulted in a lower second forming voltage. Although a
PRS can be converted to a LRS when CC!f is increased to
2mA, the LRS cannot be switched to an HRS, leading to de-
vice breakdown when negative bias is applied (not shown
here). The device breakdown in this state is explained as fol-
lows: during negative forming, electrochemical reaction
causes O2! ions to move toward the BE and accumulate at
the ZnO/BE interface because of repulsion charge; by con-
trast, Vo

2" are attracted to the TE and accumulate at the TE/
ZnO interface. Consequently, Vo

2" are arranged to create a
conducting filament that grows from the cathode toward the
anode.27,28 The size of the conducting filaments is deter-
mined on the basis of the applied current compliance.29,30

Low CC!f during first forming may result in an incomplete
filament, that is, 2mA of CC!f results in an oversized

filament. This oversized filament is unable to be ruptured
because of the lack of O2! ions at the TE/ZnO interface for
reducing substantial Vo

2" at the interface during a negative
reset attempt, leading to device breakdown.

Figure 3(b) shows that the conduction mechanism of IRS
is dominated by Fowler–Nordheim (FN) tunneling. A log
(I/V2) versus 1/V curve shows a perfect linear fit of FN tun-
neling at a high voltage region. A similar IRS conduction
mechanism was exhibited by our previously reported DF
TaN/ZrO2/HfO2/TiN devices.31 In addition to that, the differ-
ence in the oxygen concentration in the ZnO layer may
explain why the first forming process in DF cannot convert a
PRS to a LRS even though the first forming processes for DF
and SF devices use a similar voltage and current compliance.
In SF device, the conducting filament that grows from the BE
(cathode) easily reaches the TE and completes the formation
of the filament because the Vo

2" concentration toward the
AZO/ZnO interface is higher, as per our XPS result.
Conversely, in the first forming process for DF devices, the
conducting filament that grows from the TE (cathode) exhib-
its difficulty in reaching the BE to complete the filament
because of a lower Vo

2" concentration toward the ZnO/ITO
interface.

Figures 4(a) and 4(b) show schematics of a conduction
filament during forming, reset, and set processes for SF and
DF devices, respectively. For the SF device (Figure 4(a)),
O2! ions are attracted to the TE, and Vo

2" are repulsed to-
ward the BE and then accumulate at the ZnO/BE interface
when a positive bias is applied. We believe that several accu-
mulated Vo

2" are created along the ZnO/BE interface and
behave as seeds for the growth of conducting filaments

FIG. 3. (a) Typical I–V linear curves of
the double forming process performed
using various first forming current
compliances (CC!f). (b) Log (I/V

2)–1/V
curve with linear fit of Fowler–
Nordheim (FN) tunneling at high volt-
age region.

FIG. 4. Schematic switching mechanism of forming, reset, and set processes
for (a) SF and (b) DF devices.
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0.2, 0.4, and 0.8 Pa). All devices were highly transparent with a
transmittance of 80% at 550 nm. The average transmittance (in
the visible-light region) of all devices was only approximately
1% less transparent than that of the substrate, as shown in
Figure 1(b), which indicates that the device structure is
suitable for making invisible-wearable electronic applications.
The details of the fabrication and characterization methods are
provided in the Supporting Information. The electrical
characteristics of the devices were analyzed by using a
semiconductor device analyzer (B1500 Agilent Technologies
Inc.). A voltage bias was used at the top electrode, and the

bottom electrode was ground, while the current compliance
was maintained at 1 mA during the positive bias sweep.
The typical I!V curves of the ZnO devices that were made

with various sputtering pressures are shown in Figures 2(a!d).
Low-pressure devices (0.11 and 0.2 Pa) were able to switch
from a pristine resistance state (PRS) to a low-resistance state
(LRS, on), which is termed a forming process. However, an
attempt to switch o! the devices resulted in permanent
damage. The use of a negative bias of !2 V on the 0.11 Pa
device leads to a lower resistance state (breakdown type 1).
The use of a negative bias of !5 V on the 0.2 Pa device leads

Figure 1. (a) ZnO "lm growth rate at various working-pressure conditions. The inset shows the cross-sectional transmission electron image of the
AZO/(0.2 Pa)ZnO/ITO/PEN (polyethylene naphthalate)!substrate device structure. (b) Transmittance of fabricated devices made with various
working pressures in the visible-light region. Insets show a schematic of the device structure, photographs of the devices, and the average
transmittance of the devices in the visible-light region.

Figure 2. Typical I!V curves of devices made at (a) 0.11, (b) 0.2, (c) 0.4, and (d) 0.8 Pa. Inset in (a) shows the optical image of a 0.11 Pa device
after breakdown. Inset in (b) shows the optical image of the 0.2 Pa device after breakdown and negative bias sweep with various voltages. Inset in
(d) shows the I!V curve and set and reset of the 0.8 Pa device. (e) Endurance characteristics of 0.4 and 0.8 Pa devices and (f) statistical analysis of
(e). (g) Retention and (h) stress performance of 0.2 and 0.4 Pa devices. Synaptic characteristics of (i) 0.2, (j) 0.4, and (k) 0.8 Pa devices.
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oxygen accumulated at the AZO/ZnO interface, indicating
an oxygen-rich layer. Similar oxygen diffusion toward the

top electrode after deposition has also been observed in

devices with a metal top electrode [28]. This diffusion may
have been detected because of the oxygen vacancy con-

centration gradient between the two films. A higher con-

centration of oxygen vacancy in AZO fabricated using a
lower pressure resulted in more oxygen being withdrawn

from ZnO. Therefore, the increased oxygen deficiency in

ZnO increased the conductivity of the ZnO film.
To confirm the oxygen withdrawing phenomena in ZnO,

current–voltage (I–V) sweeps on a pristine device with

different top electrode sizes were investigated. Figure 5c
shows a log–log plot of the first I–V sweep of a pristine

1.2AZO device with top electrode diameters of 150, 250,

and 350 lm. No initial resistance state was observed for
1.2AZO devices fabricated with larger electrodes, which

may have withdrawn more oxygen from the resistive layer;

consequently, the oxygen vacancy defect concentration
below the electrode was increased and high leakage was

observed.

Statistical analysis was used to elucidate the trend of the
memory window [29]. Figure 6a shows the cumulative

probability plots of the HRS distribution. The statistical

distributions demonstrate that the HRS resistance increased
as the oxygen vacancy concentration of the top electrode

decreased. Figure 6b shows the cumulative probability
plots of set voltage (Vset) distribution. The range of the Vset

of all devices was within 1.2–1.9 V, which indicates minor

dependency of Vset on different top electrodes. However,
the statistical dispersion may represent the relationship

between switching parameters [30, 31]. Figure 6c shows

the coefficient of variation (r/l) (where r is the standard
deviation and l is the mean value) of Vset and HRS dis-

tributions. The lower value of r/l means a narrower dis-

tribution of the parameter [29]. The results showed that the
Vset distribution becomes narrower when the HRS distri-

bution is tighter. The statistical analysis indicated that

devices fabricated using a higher pressure top electrode
tend to have a wider distribution. This phenomenon may be

caused by a higher surface roughness at the AZO/ZnO

interface because of the high sputtering power.
The dispersion of switching parameters on the Vset and

Roff was dependent on the damage at the top electrode/

resistive layer interface [32]. Under high sputtering power
condition, a larger voltage drop is present across the

plasma and substrate, resulting in more ionized species

bombard the growing surface, thus causing more damage to
the growing surface and also increasing the surface

roughness of the resistive layer [32]. Nevertheless, devices

fabricated with a lower pressure top electrode exhibited a
narrow Vset and HRS dispersion, possibly because of the

Table 2 Thickness, sheet
resistance, and resistivity value
of AZO deposited on a glass
substrate and ITO/glass

Sample code Thickness (nm) Sheet resistance (X/h) Resistivity (910-3 X cm)

1.2AZO/glass 541 70.42 3.813

2.4AZO/glass 514 133.9 6.889

6AZO/glass 464 317.5 14.75

12AZO/glass 338 505 17.096

ITO/glass 320 15 0.48

Fig. 5 a TEM image of the
2.4AZO/ZnO/ITO structure,
b EDS line scan of a, and c the
log–log plot of the I–V sweep of
the pristine 1.2AZO device with
a top electrode diameter of 150,
250, and 350 lm (Color figure
online)
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where ZnxZn, O
x
o, Zn

oo
i , Voo

O , and e0 are a neutral charge of a Zn
ion in a zinc site, a neutral charge of an O ion in an O site, a
doubly positive charge of a Zn ion in an interstitial site, a
doubly positive charge of an O vacancy, and a singly nega-
tive charge of an electron, respectively. Despite the origin of
the self-doping mechanism being debatable, Znooi and Voo

o
defects are often believed to be responsible for n-type con-
ductivity in ZnO.6,26 An XPS analysis was conducted to elu-
cidate the defects’ chemistry of ZnO induced by Co doping.

Figure 3(a) shows XPS spectra of Co2p core levels. 2p3/2

and 2p1/2 doublet peaks exhibited shake-up resonance transi-
tion at higher binding energy. The binding energy difference
between Co 2p1/2and Co 2p3/2 is 15.55 eV, and there is no
sign of a shoulder at lower energy side of 2p3/2, indicating
that Co2! is incorporated into the ZnO matrix and that a Co
cluster is absent in the deposited film.20,21 By assuming non-
stoichiometric CoKOc (where K " c) that also takes place in
the reaction occurring during film growth, therefore, the possi-
ble defects equations for generation of defects caused by Co
dopant with oxidation states of doubly positive charge can be
expressed as follows:

CoKOc !
XZnO

KCoxZn ! KOx
o ! #c$ K% #O00i ! 2ho%; (3)

CoKOc !
YZnO

KCoxZn ! cOx
o ! #c$ K% #V00Zn ! 2ho%; (4)

where CoxZn, O
00
i , V

00
Zn, and ho are a neutral charge of Co ion

in a Zn site, a doubly negative charge of an O ion in an in-
terstitial site, a doubly negative charge of a Zn vacancy,
and a singly positive charge of a hole, respectively.
According to these equations, introducing the Co dopant
may create defects that can compensate electrons. These
compensator defects may trap electrons that are emitted by
Voo
o and Znooi in the Co-doped ZnO, and hence, introduce

more insulating behavior.20

Cation defects play a crucial role in the switching mecha-
nism in oxide based resistive memory. Studies have suggested
that percolated cation defects may form conducting filaments
(CF) under electrochemical reaction.27,28 Therefore, to

understand the cation related defects, XPS spectra of O1s core
levels, shown in Figure 3(b), were analyzed. O1s core level
peak is fitted with three Gaussian-resolved peaks at low, me-
dium, and high binding energies, as suggested by the amount
of oxygen in fully oxidized regions (OI), oxygen in deficient
regions (OII), and absorbed oxygen (OIII%, respectively.29 It is
found that OII is prominent. This indicates that abundant Voo

o

are present in all CZO films. The Voo
o concentration decreases

as the Co dopant content increased [Figure 3(d)]. This tend-
ency also means that the concentration of O00 in the resistive
switching layer increases as the Co dopant content increased.
Consequently, the increase in oxygen concentration leads to
higher memory window. In addition, the Zn-related defects
were investigated by analyzing the ZnLMM Auger spectra.
Prominent shape changes in Auger peak is beneficial in identi-
fying Zn species since Zn2p3/2 peak does not always have an
obvious asymmetric feature.30 Figure 3(c) shows that the
Auger ZnL3M4.5M4.5 spectra exhibits two peaks located at
approximately 498 and 494 eV that are suggested by the
amount of Zn in oxidized regions (ZnI) and in the interstitial
regions (ZnII), respectively. Similarly, the Znooi concentration
was also found to decrease as the Co dopant increased [Figure
3(d)]. A study reported that O00i and fast diffuser Znooi defects
are unstable, and therefore, they can only exist in very low
quantities.6 Consequently, self-reaction of the generated
defects due to doping (V00Zn; O

00
i ) with native defects (Znooi ,

Voo
o ) is likely the reason for the decreased concentrations of

Znooi and Voo
o after doping.

Based on the above results, Co doping creates dominant
acceptors and suppresses the concentration of native defects,
therefore, increasing the insulating behavior of the films. As a
result, the resistances increase. The resistances of 0CZO,
2CZO, and 5CZO films are 5.1& 102, 7.6& 105, and 5.9& 106

X, respectively [inset of Fig. 3(d)]. Accordingly, devices made
with higher Co dopant concentration require higher Vf to per-
colate Voo

o and form CF [Figs. 2(a)–2(c)]. However, excessive
Co dopant concentration leads to switching instability. We
believe that the growth properties of the films strongly influ-
ence the stability. The formation and rupture of CF are con-
trolled by the path and electromigration mobility of Voo

o and
oxygen ions (O00) defects.31 These defects easily accumulate
and diffuse around microstructural defects, such as grain boun-
daries (GBs).31 Therefore, XRD [Figure 1(a)] peaks in the 2h
range of 31'$37.5' are simulated to elucidate the films’
growth; see supplementary Figure S2.24

Grain size is calculated using the Scherrer formula32 and
residual stress of the film is calculated using the following
equation:22

r ( 2C2
13 $ C33 C11 $ C12# %

2C13

d $ d0
d0

; (5)

where C13, C33, C11, and C12 are elastic constants from a sin-
gle crystalline ZnO, and d and d0 are crystalline plane spac-
ing and standard plane spacing, respectively. The 2h, full
width at half maximum (FWHM), grain size, and residual
stress are provided in Table I. 2h and FWHM decreases
while the grain size and compressive stress increases with
the increase in Co dopant concentration. These results cor-
roborate the literature.20–22

FIG. 3. XPS spectra of CZO surface from (a) Co2p and (b) O1s core levels.
(c) Auger ZnL3M4.5M4.5 spectra of CZO surface. (d) Calculated oxygen va-
cancy and Zn interstitial concentration in the CZO surface. The inset of (d)
shows the I-V curve and resistance value of the CZO films.
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Non-volatile switching can be achieved when CC is
increased to 200 !A. This operation current is found to be
lower than that of the ZnO-based ECM devices in the pre-
vious literature [18–28]. Figure 3(a) shows the typical I–V
curves of the non-volatile bipolar switching of the ST device.
The ST device operated at CC of 200 !A is denoted as ST1.
The forming, reset and set voltages are approximately 2.5, !2
and 1.1 V, respectively. The ST1 demonstrates stable endur-
ance for more than 100 switching cycles with an ON/OFF
ratio of 40 times and without showing any intermediate state,
as illustrated in !gure 3(b). In order to con!rm its non-
volatility, a retention test was carried out and its result is
depicted in !gure 3(c). It is found that both LRS and HRS of
the device can be maintained for more than 104 s at room
temperature which con!rms their non-volatility behavior. It is
also found that the ST1 is able to demonstrate a good non-
destructive readout for more than 104 s at room temperature,

as depicted in !gure 3(d). The nonvolatile switching char-
acteristic can also be observed at much lower CC (35 !A)
when the synthesis time increased to 9–10 min. However, the
switching instability exhibited in the devices is made with an
excessive surface treatment. Nevertheless, this result indicates
that the ZnO2 material can be a potential candidate for ECM
cell memory. Surface analysis was conducted to understand
the switching phenomenon in AD and ST devices.

The defects and element distributions in the switching
materials may determine the switching mechanism in elec-
trochemical metallization cell [2, 3, 6, 16, 41, 42]. Therefore,
XPS analysis is conducted to assist the understanding of the
conduction mechanism. Figure 4(a) shows the XPS spectra of
O1s core level of the surface of AD and ST !lms. The O1s is
!tted with two Gaussian peaks located at 529.65 and
531.2 eV for low (OI) and high (OII) binding energy positions,
respectively. The OI corresponds to a number of oxygen ions

Figure 1. GI-XRD pattern of (a) as-deposited and surface-treated !lms, and (c) surface-treated !lm at various incident angle. (d) Typical
cross-sectional TEM image of ST device structure. (d) and (f) high-resolution TEM images of ZnO2 and ZnO layers. (e) and (g) fast Fourier
transform (FFT) images of (d) and (f), respectively.
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approximately 50 nm. To study the crystal structure of the grown layers, XRD analysis was 49 

conducted, as shown in Fig. 1(c). Both the thin film and nanorod layers exhibited a (002)-/(101)-50 

oriented structure. We observed no additional peak of Ga2O3 or Ga:ZnO alloy second phases, 51 

indicating that gallium was successfully doped into the ZnO hexagonal matrix [22]. 52 

 53 
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 60 

 61 

 62 

 63 

 64 

 65 

The electrical characteristics of the fabricated devices were studied by applying a bias voltage to 66 

the Cu top electrode and grounding the ITO bottom electrode, as depicted in the schematic in Fig. 67 

1(d). Current compliance (CC) was used to prevent device breakdown, and the negative sweep was 68 

maintained at −2 V for all devices. The current-voltage (I–V) curves of the TF pristine device at a 69 

Figure 1. SEM images of (a) PNR and (b) CNR grown on the ZnO/ITO/glass substrate. (c) XRD 
patterns of nanorods grown on the ZnO/ITO/glass substrate. (d) Schematic of Cu/nanorod/ZnO/ITO and 
Cu/ZnO/ITO devices. Insets in (a) and (b) show the cross section and top-view images. 
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conversely, the filament starts to rupture gradually (due to
the recombination with oxygen ions) upon applying electrical
pulses with the opposite polarity (D1 and D1+x ; D stands for
depression and x for pulse number), known as depression.

The identical pulse scheme is commonly proposed to eval-
uate the synaptic plasticity of the memristor synapses [12].
The rise time of each amplitude is kept as 1 µs. The poten-
tiation has been performed with an identical pulse of 1.2-ms
pulsewidth and operated at 1.1 V which acts as the potentiation
pulse sequence. It is similar for the depression pulse train of
!1.4-V amplitude and width of 1.2 ms. Both the potentiation
and depression pulses use read pulsewidth and amplitude
of 1 ms and ±0.4 V, respectively, as typically shown in
Fig. 2(b). After repeating the set pulse sequence for 320 times,
we achieve a conductance state variation from 125 to 325 µs
during potentiation as shown in Fig. 2(c). Similarly, after
applying the reset pulse sequence for 320 times, we achieve a
decrease in conductance, that is, depression of the resistive
synapse from 325 to 125 µs as shown in Fig. 2(d). The
conductance of the potentiation and depression quickly reaches
their saturation range after 100 pulse numbers, indicating
that the potentiation and depression behaviors induced by the
single-identical pulses (SP) scheme [Fig. 2(b)] are not effective
to train the device with higher pulse number. The ability of the
artificial synapse to show gradual potentiation and depression
with a high number of training pulses as well as to show
high linearity is important to achieve efficient neuromorphic
computing [25]. Interestingly, the synaptic plasticity can be
enhanced using double-identical pulses (DP) scheme; instead
of using the SP scheme. Therefore, we use two amplitudes
while maintaining the same amplitude at the SP scheme, and
the schematic description of the DP schemes and the linearity
result are shown in Fig. 3. The rise time of each amplitude is
kept as 1 µs for all the pulsing schemes.

As calculated, the synaptic nonlinearity under the SP
scheme [Fig. 3(a)] is calculated to be 0.83. However, the
synaptic nonlinearity for the potentiation and depression pulses
using low (0.6 and !0.8 V) and then high (1.0 and !1.2 V)
amplitudes, respectively, for (L-H DP) is 0.44, and the synaptic
nonlinearity using high (1.0 and !1.2 V) and then low (0.6 and
!0.8 V) amplitudes, respectively (H-L DP), increases to 0.64.
Nevertheless, both the DP schemes give close to unity linearity
when compared with the conventional SP scheme, indicating
more DP scheme is most suitable for the neural network
than the SP one. To evaluate the reliability of the synaptic
plasticity, we conducted training under the various schemes,
SP, L-H DP, and H-L DP, as shown in Fig. 4. A training
epoch consists of one set of potentiation followed by one set
of depression. It is found that the DP schemes perform superior
epoch stability for more than 10 500 pulse numbers than the SP
scheme. This is due to the rising speed of the applied voltage
affecting the effective reduction–oxidation (redox) filament
during potentiation and depression [26], thus determining the
shape of the conducting filament.

Fig. 5 depicts the filamentary mechanism of single pulsing,
L-H double pulsing, and H-L double pulsing. The rising speed
of each amplitude during potentiation for single pulsing is
1 V/µs; therefore, the applied voltage may rise too fast so that

Fig. 3. Pulse scheme and normalized conductance state for potentiation
and depression depicting the nonlinearity when operated under (a) and
(b) single pulsing scheme, (c) and (d) L-P double pulsing scheme, and
(e) and (f) H-P double pulsing scheme.

only small number of defects (oxygen vacancies taking part
during the redox process) can keep up with the voltage change.
This process leads to a sharp apex after completing a set of
a potentiation [Fig. 5(a) and (b)]. However, the introduction
of slower rising speed (0.6 V/µs, for the low amplitude)
during the potentiation of L-H double pulsing may provide
a larger number of defects to take part in the formation of
filament; thus, the size of the filament is larger with broader
apex [Fig. 5(c)] and more gradual potentiation can be achieved
[Fig. 2(d)].

The introduction of a fast-rising speed followed by a slower
rising speed, in the H-L double pulsing case, results in a
smaller size and sharper apex when compared with the L-H
double pulsing, larger, and broader filament when compared
with the single pulsing. Similarly, the depression is initiated
after a set of potentiation is completed and the oxygen ions
near the TE are repulsed and recombined with the oxygen
vacancies under the influence of the applied depression pulse.
The recombination process in the beginning of the depression
pulses (Dx , where x is approximately less than 50 pulses) is
faster in case of single pulsing due to the sharp apex [Fig. 5(e)]
which is also observed from the high conductance change
during Dx depression [Fig. 2(d)]. The filament rupturing is

approximately 4V was subsequently applied for conversion
from the IRS to a LRS. Negative bias of !2V and positive
bias of approximately 1.7V were applied to reset and set the
device, respectively. Device that underwent DF process is
labelled as DF device.

A DC endurance test was conducted to examine the
switching state distribution of both devices. The SF device
exhibited switching instability during 450 switching cycles,
whereas the DF device exhibited uniform and stable switching
performance with a LRS/HRS (ON/OFF) ratio of approxi-
mately 102 without data error, as shown in Figures 2(c) and
2(d), respectively. We believe that the difference in endurance
performance between the two devices is due to differences in
the characteristics of the conducting filaments across the ZnO
resistive layer, which are primarily determined by the forming
process. The formation and rupture of a conductive filament
are caused by percolated defects that are driven by electro-
chemical reactions and are responsible for the switching
mechanism in RRAM.24 The forming process enables the ox-
ygen in ZnO to be ionized (O2!), creating oxygen vacancies
(Vo

2"). Conducting filaments that consist of intrinsic defects
are then created to provide paths for electrons to flow through
the resistive layer.25 Conducting filament in metal oxide
RRAM devices is consisted of Vo

2" instead of metal ions;21,22

furthermore, a study reported that the formation of Vo
2" is

favorable because of their low formation energy in oxygen-
deficient metal oxide,26 besides no Zn metallic phase was
present in the resistive layer (inset of Figure 1(b)).

To understand bipolar forming, DF process was con-
ducted by using various first forming current compliances
(CC!f) when the second forming current compliance (CC"f)
was maintained at 1mA, and the results are shown in Figure
3(a).The first forming process performed using a higher
CC!f resulted in a lower second forming voltage. Although a
PRS can be converted to a LRS when CC!f is increased to
2mA, the LRS cannot be switched to an HRS, leading to de-
vice breakdown when negative bias is applied (not shown
here). The device breakdown in this state is explained as fol-
lows: during negative forming, electrochemical reaction
causes O2! ions to move toward the BE and accumulate at
the ZnO/BE interface because of repulsion charge; by con-
trast, Vo

2" are attracted to the TE and accumulate at the TE/
ZnO interface. Consequently, Vo

2" are arranged to create a
conducting filament that grows from the cathode toward the
anode.27,28 The size of the conducting filaments is deter-
mined on the basis of the applied current compliance.29,30

Low CC!f during first forming may result in an incomplete
filament, that is, 2mA of CC!f results in an oversized

filament. This oversized filament is unable to be ruptured
because of the lack of O2! ions at the TE/ZnO interface for
reducing substantial Vo

2" at the interface during a negative
reset attempt, leading to device breakdown.

Figure 3(b) shows that the conduction mechanism of IRS
is dominated by Fowler–Nordheim (FN) tunneling. A log
(I/V2) versus 1/V curve shows a perfect linear fit of FN tun-
neling at a high voltage region. A similar IRS conduction
mechanism was exhibited by our previously reported DF
TaN/ZrO2/HfO2/TiN devices.31 In addition to that, the differ-
ence in the oxygen concentration in the ZnO layer may
explain why the first forming process in DF cannot convert a
PRS to a LRS even though the first forming processes for DF
and SF devices use a similar voltage and current compliance.
In SF device, the conducting filament that grows from the BE
(cathode) easily reaches the TE and completes the formation
of the filament because the Vo

2" concentration toward the
AZO/ZnO interface is higher, as per our XPS result.
Conversely, in the first forming process for DF devices, the
conducting filament that grows from the TE (cathode) exhib-
its difficulty in reaching the BE to complete the filament
because of a lower Vo

2" concentration toward the ZnO/ITO
interface.

Figures 4(a) and 4(b) show schematics of a conduction
filament during forming, reset, and set processes for SF and
DF devices, respectively. For the SF device (Figure 4(a)),
O2! ions are attracted to the TE, and Vo

2" are repulsed to-
ward the BE and then accumulate at the ZnO/BE interface
when a positive bias is applied. We believe that several accu-
mulated Vo

2" are created along the ZnO/BE interface and
behave as seeds for the growth of conducting filaments

FIG. 3. (a) Typical I–V linear curves of
the double forming process performed
using various first forming current
compliances (CC!f). (b) Log (I/V

2)–1/V
curve with linear fit of Fowler–
Nordheim (FN) tunneling at high volt-
age region.

FIG. 4. Schematic switching mechanism of forming, reset, and set processes
for (a) SF and (b) DF devices.
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100 eV because the charge transfer of positive ions is not
efficient and high-energy acceleration is needed for the positive
ions to obtain a large cross-section of neutralization [27]. As a
result, these previous neutral-beam sources produced low-
neutralization, low-flux, high-energy beams. Therefore, they
have not been practical for processing because of their low
etching rates and low etching selectivity.

To solve these inherent problems, a new kind of neutral-
beam source is based on neutralization of ions extracted
through high aspect ratio apertures [19–24,29]. Furthermore,
we used negative ions in the pulsed plasma for efficiently
generating the neutral beams for the first time. The new neutral-
beam source [19–23] we developed is shown in Fig. 2. It
consists of an ICP and parallel carbon plates. The quartz plasma
chamber is 10 cm in diameter and 25 cm long. The process
chamber is separated from the plasma chamber by a carbon
plate fitted at the bottom, because carbon has the lowest
sputtering yield under high-energy bombardment and does not
contaminate semiconductor devices. Numerous apertures in the
bottom carbon plate extract neutral beams from the plasma in
the process chamber. The apertures account for 50% of an area
100 mm in diameter on the bottom carbon plate. The apertures
are 1 mm in diameter and 10 mm long. A pulse-time-modulated
RF power (13.56 MHz, on-time of 50 ms and off-time of 50 ms)

was applied to generate a large number of negative ions in the
afterglow during the period when the plasma was off [13–
18,25]. Negative ions are more easily neutralized as they pass
through the aperture than positive ions, because the detachment
energy of electrons from negative ions is much smaller than the
charge transfer energy of positive ions. The differences in
neutralization efficiency between negative (Cl!) and positive
(Cl2

+) ions passing through the carbon aperture in the pulsed
Cl2 plasma are shown in Fig. 3. Neutral Cl beams with a
neutralization efficiency of almost 100% could be generated by
using Cl! at any negative acceleration voltage, whereas a low
neutralization efficiency (max. 60%) was observed for Cl2

+.
Furthermore, neutral F beams could be efficiently generated
using F! in either F2- or SF6-pulsed plasma by the same
mechanism. Consequently, high-flux (more than 1 mA/cm2)

Fig. 1. Previous neutral-beam etching systems: (a) magneto microwave plasma

type and (b) dc plasma type. In both neutral-beam generation systems, the

positive ions are used to generate the neutral beam.

Fig. 2. The newly developed neutral-beam etching system. It consists of an ICP

and parallel carbon plates. The process chamber is separated from the plasma
chamber by a carbon plate fitted at the bottom, because carbon has the lowest

sputtering yield under high-energy bombardment and does not contaminate

semiconductor devices. There are numerous apertures in the bottom carbon

plate to extract neutral beams from the plasma in the process chamber.

Fig. 3. Neutralization efficiency of positive (Cl2
+) and negative (Cl!) ions in

the pulsed Cl2 plasma after passing through carbon aperture.
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neutral oxygen beam as a surface oxidation treatment for a
metal oxide (ZnO) !lm and its utility for the fabrication of
resistive memory devices. Practically, ITO is a less-suitable

electrode for ZnO-based resistive cells due to its experimental
challenges in achieving a high barrier at the ZnO/ITO
interface; ZnO intrinsic defects tend to pin the Fermi level

Figure 1. (a) Schematic of device fabrication process and electrical measurement setup of the Cu/ZnO/ITO devices. (b) Cross-sectional
transmission electron microscopy image of Cu/ZnO/ITO device structure.

Figure 2. Typical I!V curves of as-deposited and as-irradiated Cu/ZnO/ITO devices with ZnO thicknesses of (a, b) 42 nm, (c, d) 23 nm, and (e,
f) 14 nm. Insets in (a), (b), (d), and (f) show the endurance performance of the devices, while insets in (c) and (e) show the conduction
mechanisms of the as-deposited devices. A read voltage of 0.1 V was used for the endurance test.
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below the conduction band minimum and weaken the
Schottky barrier height at the ZnO/ITO contact.15 Con-
sequently, injected electrons from the cathode can easily !ow
to the dielectric layer without a signi"cant barrier.16 Nonethe-
less, we intentionally employed ITO as the bottom electrode
(BE) to emphasize the capability of our neutral beam oxidation
method for enhancing the switching characteristics.
A schematic representation of the device fabrication and

electrical measurement setup is illustrated in Figure 1a. Various
thicknesses (42, 23, and 14 nm) of ZnO thin "lms were
deposited onto a commercial ITO-coated glass substrate using
radio-frequency sputtering. The deposited "lms were irradiated
with a neutral oxygen beam for 10 min at room temperature.
The beam irradiation process followed the same concept as
described in previous literature.14 Cu top electrodes (TE) were
patterned using a metal shadow mask (with a diameter of 150
!m) onto the ZnO "lms. Hereafter, the electrical character-
istics were examined by applying a bias voltage to a Cu TE
while the ITO BE was grounded. Electrical characteristics were
studied using a semiconductor device analyzer (Agilent Tech.
Inc. B1500); negative sweeps for all devices were limited to
!1.7 V. See the Supporting Information for the details of

fabrication parameter and the method of the material analysis.
Device structure was observed using transmission electron
microscope (TEM; JEOL 2100FX). Figure 1b shows a cross-
sectional TEM image of the Cu/ZnO/ITO device structure
made with 23 nm thickness of ZnO "lm. The thicknesses of
the Cu and ITO were 80 and 245 nm, respectively.
The current!voltage (I!V) curves of the devices with

various ZnO thicknesses made without and with neutral
oxygen beam irradiation are shown in Figure 2. Both 42 nm
devices with and without irradiation treatment were able to
show counterclockwise bipolar switching characteristics after
the electroforming process (Figure 2a,b). During this process,
the pristine resistance state (PRS) switched to the low
resistance state (LRS). The devices could be switched from
the LRS to the high resistance state (HRS) by sweeping a
negative bias of !1.7 V, called the reset process. Similarly, a
positive bias sweep could switch the HRS to the LRS, called
the set process. Current compliance (CC) was employed
during the positive bias sweeps (electroforming and set
processes) to avoid device breakdown. A signi"cant decrease
of the leakage current of the pristine as-irradiated devices was
observed, as depicted by the electroforming curves; thus, a

Figure 3. (a) Grazing incidence X-ray di#raction patterns of 23 nm ZnO "lms before and after neutral oxygen beam irradiation. (b) Secondary-ion
mass spectra for Cu, Zn, and Sn across Cu/(23 nm)ZnO/ITO structures without and with irradiation treatment. Depth X-ray photoelectron
spectra of O 1s core level of (c) as-deposited and (d) as-irradiated 23 nm ZnO "lms. (e) Distribution of oxygen vacancies in as-deposited and as-
irradiated 23 nm ZnO "lms.
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toward the anode; consequently, the oxygen-de!cient area
across the bulk increases due to the increase of oxygen vacancy
defects concentration (Figure 4c-ii). Thus, the electron can
easily conduct from cathode to anode by hopping through the
donor defects in a very thin dielectric layer.24 During the reset
process, oxygen at the Cu/ZnO interface was repulsed from
the interface and recombined with the oxygen vacancies, which
led to a decrease of the oxygen-de!cient region of ZnO (Figure
4c-iii). This recombination process results in the modulation of
oxygen-rich/oxygen-de!cient regions; consequently, a high
resistive state can be achieved. Stable endurance in the
homogeneous switching was exhibited due to the micro-
structure independence of homogeneous switching behavior.24

Table 1 shows a comparison of ZnO-based resistive memory
devices discussed in the literature. Although a less-preferred
bottom electrode (ITO) and pure ZnO were employed in this
study, we were able to fabricate a decent ZnO-based ECM
device having a 42 nm thick resistive layer with the lowest
operating current (CC of 0.2 mA). Moreover, the device that
we fabricated was able to show switching behavior with a ZnO
thickness of only 14 nm, while previous research reported
ZnO-based devices with a thickness >25 nm.25,26 This
indicates that further exploration of the use of the neutral
oxygen beam technique to scale down ZnO-based resistive
memory device structures having a low operating current
(power consumption) is an interesting topic for future study.
In summary, irradiation with a neutral oxygen beam was

found e"ective in decreasing oxygen vacancy defects in the
surface region of the ZnO !lm. It promoted the occurrence of
switching behavior at much lower operating current and did
not alter the microstructural properties or thickness of the
oxide !lms. This study showed that our oxidation technique is
a simple yet e"ective method to facilitate switching behavior at
a low operating current and opens the potential for designing
(1!!2! nm) thin ZnO-based resistive memory devices; thus,
the ZnO-based resistive memory may compete with other
oxide systems. Furthermore, this technique can be easily
adopted to other oxide systems and may encourage the
realization of resistive memory devices for future nonvolatile
data storage applications.
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neurons and localized storage in the synapses. The neuro-
inspired architecture leverages the distributed computing 
in the neurons and localized weight storage in the synapses 
[31]. Fig. 1 shows such revolutional shift of the computing 
paradigm from the computation-centric (von-Neumann) 
architecture to the data-centric (neuro-inspired) architec-
ture. The neurons are simple computing units (for nonlin-
ear activation or thresholding function) and the synapses 
are local memories that are massively connected via the 
communication channels. The ultimate goal of the hard-
ware implementation of the neuro-inspired computing is 
to supplement (but not supplant) today’s von-Neumann 
architecture for application-specific intelligent tasks such as 
image/speech recognition, autonomous driving, etc.

Different hardware platforms with partial parallelism 
have been explored so far for implementing neuro-inspired 
learning algorithms. Generally, there are two design 
approaches (or philosophies) for neuromorphic hardware 
depending on how to encode the information. The first 
approach stays on the digital (nonspiking) implementa-
tion of machine/deep learning or artificial neural networks 
(ANNs) while takes the inspiration from the neural system 
to maximize the parallel or distributed computation. In the 
digital implementations, the neuron values are encoded by 
binary bits or the number of pulses or voltage levels. As off-
the-shelf technologies, GPUs [32] or field-programmable 
gate arrays (FPGAs) [33] have been widely used for hard-
ware acceleration for machine/deep learning. To further 
improve energy efficiency, CMOS ASIC accelerators [10], 
[12]–[15] have been prototyped. For example, Google used 
their custom-designed TPU platform to accelerate the com-
plex intelligent computation tasks behind AlphaGo [34]. 
The digital (nonspiking) approach aims to improve the 
computation efficiency in terms of the throughput over 

power [e.g., in the metric of terra operations per second per 
watt (TOPS/W)]. The second approach exploits the spiking 
behavior of spiking neural networks (SNNs) which aims 
to emulate the biologically realistic neural network more 
closely. In the spiking approach, the neuron values are 
encoded by the spiking timing (e.g., the interval between 
spikes) or even the spikes actual waveform shape. Examples 
include custom-designed CMOS-based neuromorphic chips 
(i.e., Heidelbergs BrainScaleS [9], IBM’s TrueNorth [11], 
etc.). The BrainScaleS platform is based on the HICANN 
chip [35] in the 180-nm node that uses analog neurons simi-
lar to the leaky integrate-and-fire model and digital synapses 
made of 4-b 6-transistor SRAM cells and 4-b digital-to-
analog converters (DACs) to interface with analog neurons. 
One die consists of 512 neurons and 100 kilosynapses, and 
one wafer consists of  ~ 200 kiloneurons and  ~ 40 million 
synapses. BrainScaleS could run 10 000  !  faster than the 
biological real time ( ~ kHz) but consume 500 W/wafer. The 
TrueNorth chip uses digital neurons and digital synapses 
made of a 1-b transposable 8-transistor SRAM cell. In par-
ticular, one TrueNorth chip integrates 4096 neuro-synaptic 
cores with 1 million digital neurons and 256 million SRAM 
synapses that were fabricated in the 28-nm node. The 
TrueNorth chip demonstrated 70-mW power consumption 
to perform real-time (30 frames/s) object recognition with 
very low clock frequency ( ~ kHz).

Table 1 summarizes the categories of different design 
approaches for hardware implementation of neuro-inspired 
computing. Here the categories are “loosely” classified 
based on how the information is encoded and the techno-
logical choice of the hardware platforms. The neuron could 
be encoded either by the level based representation using 
binary bits, the number of pulses, voltage levels, or by the 
spike representation, while the synapses can be either 
binary or multilevel (in an analog fashion). The third col-
umn of hardware platforms using emerging synaptic devices 
will be discussed in more detail in the rest of this review.

Depending on how the training of the neural net-
work is completed, there are two ways of training: offline 
(ex situ) training and online (in situ) training. Offline 
training means that the training is done by software and 
the trained weights are loaded to the synaptic arrays of 
the neuromorphic hardware by one-time programming 
and then only the inference or classification is performed 
on the hardware. For example, TrueNorth supports only 
offline training (the weights need to be pretrained and 
loaded to SRAM synaptic arrays). Therefore, such infer-
ence-only engine could be used for the edge devices where 
the model is predefined by the cloud, but it could not adapt 
to the constantly changing input data or learn new features 
during runtime. On the other hand, online training means 
the training is done during runtime on the neuromorphic 
hardware (i.e., weights are trained on the fly). To acceler-
ate the training on the neuromorphic hardware is a much 

Fig. 1. A revolutional shift of the computing paradigm from 
the computation-centric (von-Neumann) architecture to the 
data-centric (neuro-inspired) Architecture. (a) von-Neumann 
architecture. (b) Neuro-Inspired Architecture.
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neurons and localized storage in the synapses. The neuro-
inspired architecture leverages the distributed computing 
in the neurons and localized weight storage in the synapses 
[31]. Fig. 1 shows such revolutional shift of the computing 
paradigm from the computation-centric (von-Neumann) 
architecture to the data-centric (neuro-inspired) architec-
ture. The neurons are simple computing units (for nonlin-
ear activation or thresholding function) and the synapses 
are local memories that are massively connected via the 
communication channels. The ultimate goal of the hard-
ware implementation of the neuro-inspired computing is 
to supplement (but not supplant) today’s von-Neumann 
architecture for application-specific intelligent tasks such as 
image/speech recognition, autonomous driving, etc.

Different hardware platforms with partial parallelism 
have been explored so far for implementing neuro-inspired 
learning algorithms. Generally, there are two design 
approaches (or philosophies) for neuromorphic hardware 
depending on how to encode the information. The first 
approach stays on the digital (nonspiking) implementa-
tion of machine/deep learning or artificial neural networks 
(ANNs) while takes the inspiration from the neural system 
to maximize the parallel or distributed computation. In the 
digital implementations, the neuron values are encoded by 
binary bits or the number of pulses or voltage levels. As off-
the-shelf technologies, GPUs [32] or field-programmable 
gate arrays (FPGAs) [33] have been widely used for hard-
ware acceleration for machine/deep learning. To further 
improve energy efficiency, CMOS ASIC accelerators [10], 
[12]–[15] have been prototyped. For example, Google used 
their custom-designed TPU platform to accelerate the com-
plex intelligent computation tasks behind AlphaGo [34]. 
The digital (nonspiking) approach aims to improve the 
computation efficiency in terms of the throughput over 

power [e.g., in the metric of terra operations per second per 
watt (TOPS/W)]. The second approach exploits the spiking 
behavior of spiking neural networks (SNNs) which aims 
to emulate the biologically realistic neural network more 
closely. In the spiking approach, the neuron values are 
encoded by the spiking timing (e.g., the interval between 
spikes) or even the spikes actual waveform shape. Examples 
include custom-designed CMOS-based neuromorphic chips 
(i.e., Heidelbergs BrainScaleS [9], IBM’s TrueNorth [11], 
etc.). The BrainScaleS platform is based on the HICANN 
chip [35] in the 180-nm node that uses analog neurons simi-
lar to the leaky integrate-and-fire model and digital synapses 
made of 4-b 6-transistor SRAM cells and 4-b digital-to-
analog converters (DACs) to interface with analog neurons. 
One die consists of 512 neurons and 100 kilosynapses, and 
one wafer consists of  ~ 200 kiloneurons and  ~ 40 million 
synapses. BrainScaleS could run 10 000  !  faster than the 
biological real time ( ~ kHz) but consume 500 W/wafer. The 
TrueNorth chip uses digital neurons and digital synapses 
made of a 1-b transposable 8-transistor SRAM cell. In par-
ticular, one TrueNorth chip integrates 4096 neuro-synaptic 
cores with 1 million digital neurons and 256 million SRAM 
synapses that were fabricated in the 28-nm node. The 
TrueNorth chip demonstrated 70-mW power consumption 
to perform real-time (30 frames/s) object recognition with 
very low clock frequency ( ~ kHz).

Table 1 summarizes the categories of different design 
approaches for hardware implementation of neuro-inspired 
computing. Here the categories are “loosely” classified 
based on how the information is encoded and the techno-
logical choice of the hardware platforms. The neuron could 
be encoded either by the level based representation using 
binary bits, the number of pulses, voltage levels, or by the 
spike representation, while the synapses can be either 
binary or multilevel (in an analog fashion). The third col-
umn of hardware platforms using emerging synaptic devices 
will be discussed in more detail in the rest of this review.

Depending on how the training of the neural net-
work is completed, there are two ways of training: offline 
(ex situ) training and online (in situ) training. Offline 
training means that the training is done by software and 
the trained weights are loaded to the synaptic arrays of 
the neuromorphic hardware by one-time programming 
and then only the inference or classification is performed 
on the hardware. For example, TrueNorth supports only 
offline training (the weights need to be pretrained and 
loaded to SRAM synaptic arrays). Therefore, such infer-
ence-only engine could be used for the edge devices where 
the model is predefined by the cloud, but it could not adapt 
to the constantly changing input data or learn new features 
during runtime. On the other hand, online training means 
the training is done during runtime on the neuromorphic 
hardware (i.e., weights are trained on the fly). To acceler-
ate the training on the neuromorphic hardware is a much 

Fig. 1. A revolutional shift of the computing paradigm from 
the computation-centric (von-Neumann) architecture to the 
data-centric (neuro-inspired) Architecture. (a) von-Neumann 
architecture. (b) Neuro-Inspired Architecture.
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impact of the depolarization field arising from the underlying 
channel capacitance on the retention characteristics of the FeFETs. 
Figure 3 summarizes the key device parameters of all the embedded 
memory candidates.

It is fair to say that the optimum eNVM is yet to be determined, 
but its importance for future data-abundant computing cannot be 
stressed enough. A suitable high-density eNVM with logic compat-
ible programming and erase voltages, fast enough write and read 
time and high enough endurance will be a critical resource for 
hyper-scaling, complementing today’s SRAM-based memory.

In many cases, it is possible to take a further step in trying to 
blur the boundary between the logic and the memory, and embed 
computation within the memory itself. For example, the inherent 
parallelism of the cross-point memory architecture (applicable for 
PCRAM, RRAM and FeFET) lends itself to efficient matrix–vector 
multiplication — a basic compute function for learning deep rep-
resentations across a variety of datasets. A subset of these eNVM 
devices (for example, RRAM and FeFET) display multiple stable 
conductance states and can be exploited to implement analogue 
weight cells supporting high-precision weight stores and updates, 
which can significantly accelerate the online learning rate at the 
hardware level. Learning is the most computationally heavy task in 
today’s at-scale deep neural networks — with a multitude of hid-
den layers — and takes a lot more computational resource than that 
required for inference.

Future research will also focus on how to exploit the stochastic 
aspect of some of the emerging non-volatile memory devices such 
as STT-MRAM, RRAM and FeFETs. The idea is to extend their 
applications beyond traditional machine learning. Here, the goal is 
to emulate the biologically plausible neurosynaptic dynamics spe-
cifically targeting unsupervised learning. Research should lead to 
a more in-depth understanding of how to exploit their switching 
dynamics, particularly the stochastic nature of state transition, to 
implement neuromorphic computational primitives, such as long-
term and short-term plasticity, stochastic weight updates, and leaky 
integrate and fire neurons, with the ultimate goal of deploying large-
scale neuro-inspired and neuromimetic compute engines.

Exploring the third dimension
The ability of hardware to scale efficiently and effectively through 
the addition of resources to meet the demand of future computing 

workloads involves not only adding memory-containing layers close 
to or on top of logic, but adding extra layers of logic on top of logic25. 
Broadly speaking, there are two process integration approaches, 
parallel and sequential, to add additional layers of logic. The TSV 
technology is an example of the parallel integration scheme. In this 
scheme, the stacked wafer is processed separately and subsequently 
mounted on top of another processed wafer. The logic blocks reside 
in parallel to each other on the top and the bottom wafers, which are 
then electrically coupled using high-aspect-ratio TSVs. The TSV 
size, pitch and alignment tolerance restricts the 3D parallel integra-
tion granularity to the level of logic blocks (each block containing a 
few thousand transistors). On the other hand, in the 3D sequential 
scheme, the transistors are processed in situ sequentially on top of 
the bottom transistors. Needless to say, the 3D sequential integra-
tion scheme offers much flexibility to fully explore and exploit the 
potential of the third dimension by connecting two stacked layers at 
the granularity of a single transistor scale. Sequential monolithic 3D 
integrated circuits provide inter-layer via density that is about two 
to three orders of magnitude more dense than the TSV density. This 
results in shorter wires and mitigates the wire-related communica-
tion energy and latency problems.

There are several fundamental barriers that need to be overcome 
to make 3D sequential CMOS a reality for next-generation micro-
systems. Although devices at the bottom layer are fabricated with 
traditional fabrication processes, the fabrication of transistors in 
the upper layers are challenging since the electrical quality of the 
devices fabricated in the upper layers under a reduced thermal bud-
get need to be ensured (less than 450 °C), whereas the electrical per-
formance of the high-performance transistors in the bottom layer 
cannot be compromised.

There are two approaches to realizing sequential monolithic 3D 
integrated circuits. In the first approach, layer transfer technology 
— similar to the ‘smart cut’ process used to produce silicon-on-
insulator wafers — is used to stack thin silicon device layers. Here, 
the inter-layer vias need to pass through the active layer, and, hence, 
can be much smaller than conventional TSVs, leading to extremely 
high via density. In another approach, the active layers are depos-
ited and crystallized in situ in selective areas using back-end-of-
line compatible processing steps. Compared to the layer transfer 
approach, the in situ selective active area growth approach is more 
cost effective. The ultimate cost–benefit analysis for monolithic 3D 
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1. TID (mainly photons)
Parameter: exposure time

Few femtoseconds (17 eV per pair)
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2.    DD (mainly particles)
Photons-induced DD, indirectly, by producing secondary electrons.
Parameter: exposure time, type of particle (mass & energy)

SROUR AND PALKO: DISPLACEMENT DAMAGE EFFECTS IN IRRADIATED SEMICONDUCTOR DEVICES 1745

Fig. 3. Illustration of four effects of displacement damage due to energy levels
introduced in the bandgap: a) increased thermal generation of carriers; b) in-
creased carrier recombination; c) increased temporary trapping; d) reduction in
majority-carrier concentration.

Fig. 4. Illustration of the relative sensitivity to fission neutron bombardment
of carrier lifetime, carrier concentration, and carrier mobility for bulk Si. Two
example values of pre-irradiation lifetime are considered.

relatively long (e.g., ), it doesn’t take much damage intro-

duction to reduce the lifetime. If the pre-irradiation lifetime is

short (e.g., 10 ns), a significant amount of displacement damage
is needed to affect the lifetime. For that case, the pre-existing

defect concentration dominates the lifetime until sufficient radi-
ation-induced damage is introduced at relatively high fluences.
Fig. 4 also shows that carrier-concentration and carrier-mobility

changes typically occur at neutron fluences much higher than
those that affect recombination lifetime.

Subsequent sections describe selected effects of displacement

damage in more detail for bulk material and specific types of de-
vices. Topics included are NIEL scaling, carrier concentration

changes, Si particle detectors, visible imaging arrays, random

telegraph signals, and solar cells. Brief consideration is also

given to bipolar transistors and optocouplers.

B. NIEL Scaling

When a specific radiation damage factor is observed to
be invariant with NIEL for any incident particle type and

energy, the term NIEL scaling is said to apply. The concept
of NIEL scaling is described and reviewed in [1], [92], [94],

Fig. 5. Dark-current damage factor versus NIEL for Si devices irradiated with
various types of particles for a broad range of particle energies.

[121]–[123]. Numerous additional damage-correlation and

NIEL-scaling studies have been conducted through the years

(e.g., [41], [88]–[91], [93], [95]–[101] and references therein).

Experimental examination of whether such scaling holds has

been performed for several semiconductor materials (primarily

Si, but also GaAs, Ge, and InP), several particle types (neu-

trons, protons, electrons, ions, etc.), and several damage factors

(thermal generation, recombination, and carrier removal). Since

most of the NIEL-scaling work has focused on Si, that material

is emphasized here.

A clear example of NIEL scaling is radiation-induced pro-

duction of generation centers, which give rise to increased

dark current via thermal generation in device depletion re-

gions. The relevant damage factor was termed in [118],

[124]. Fig. 5 shows a plot of as a function of NIEL for

several particle types and energies [118]. For NIEL greater

than - MeV-cm g, is independent of dopant and

impurity type and concentration [124]. The value of

in that regime is carriers/cm -sec per MeV/g, which

applies for incident protons, neutrons, pions, and heavy ions of

all energies.

One explanation for NIEL scaling is based on the approx-

imate proportionality of the deposited displacement damage

dose to the concentration of dominant defects produced. For

low-NIEL particles, only isolated defects are created, which

then determine the device response. For high-NIEL particles,

defect clusters are produced in addition to isolated defects.

Clusters dominate the device response in that case and result in

a larger damage factor.

NIEL scaling is demonstrated clearly for the case of dark-cur-

rent production (Fig. 5). Such scaling was also demonstrated for

recombination lifetime degradation in Si, as illustrated in Fig. 6

[118]. The situation is more complex in that case because the

recombination-lifetime damage factor exhibits several

functional dependences that don’t apply in the generation-life-

time case (i.e., ). For example, depends on injec-

tion level and resistivity, which is not the case for [124].

In that regard, note that the enhancing effect on recombination

lifetime of defect cluster production at high NIEL is reduced as

(i) Thermal generation of carriers
(ii) Carrier recombination
(iii) Temporary trapping
(iv) Reduction in carrier concentration

(i) (ii) (iii) (iv)

IEEE Trans. Nucl.
Sci. 60, 1740–
1766 (2013).

Bipolar transistors start to degrade 
at neutron fluxes of 1010 while 
MOSFETs is above 1015 n0 cm−2
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Fig. 1. SET pulsewidth versus LET compiled from previous measurements [2], [5], [7], [8] and simulations [6]. The solid line represents a trend line for the 90 nm
data. The dashed lines serve as a representative trend line for the super-100 nm data (after [4]).

technology nodes, we have found that charge sharing between
adjacent transistors and signal propagation between adjacent
inverter circuits can occur with similar time constants (typically
not the case in older technology nodes). Our analyses indicate
that the concurrency of these substrate and circuit-level effects
can cause downstream SET voltage pulses to be shortened by
delayed charge collection (due to charge sharing)—an effect
we term quenching. We show in this paper that this effect may
contribute to the observed loose correlation of maximum SET
pulsewidth data with LET at the 90 nm technology node.

III. DESCRIPTION OF THE QUENCHING MECHANISM

Fig. 2 shows a schematic of a three-stage inverter chain. The
output nodes of each inverter (Inv1, Inv2, and Inv3) in the figure
are designated by Out1, Out2, and Out3, respectively. Assume
a LOW input to the chain. Initially, the pMOS transistors asso-
ciated with Inv1 and Inv3 are ON, the pMOS of Inv2 is OFF,
and Out2 is LOW. If an ion strikes the OFF pMOS transistor of
Inv2, the logic LOW state at Out2 is driven HIGH by the charge
collection and an SET pulse HIGH is generated at Out2. This
SET pulse will propagate to Inv3, resulting in a HIGH-to-LOW
transition at Out3 and a change of state of the pMOS of Inv3
to OFF. When the pMOS of Inv3 turns OFF, it is then suscep-
tible to charge collection. Charge from the single-event strike
on Inv2 can diffuse to Inv3 (through the mechanisms of charge
sharing) and be collected by the pMOS of Inv3, driving the state
of Out3 HIGH. This LOW-to-HIGH transition at Out3 “resets”
the node voltage to the pre-event state, effectively truncating the
SET pulse, as shown in Fig. 3. Thus, there are two factors af-
fecting the dynamic node voltage at Out3. The first is the signal
propagation of the SET pulse from Out2; the second is the de-
layed collection of charge at Out3 due to charge sharing with
the struck node of Out2. The propagating SET electrical signal

Fig. 2. A schematic of a chain of three inverters illustrating the change in SET
pulsewidth as it propagates.

arrives first at Out3, resulting in a HIGH-to-LOW transition;
the charge sharing signal arrives second, prematurely forcing
Out3 back to a HIGH state. The pulse at Out3 is truncated, or
quenched by the delayed charge collection.

In order for pulse quenching to occur, the technology must
have a propensity for charge sharing. So, it would be expected
that technologies immune to charge sharing would not exhibit
pulse quenching (a property we exploit in our analysis). Older
technologies do not exhibit strong charge sharing [13], so pulse
quenching would be minimal. Also, because some technolo-
gies are sensitive to charge sharing only for angled single event
strikes [13], [14], it would be expected that pulse quenching
would not be observed in these technologies for normal-inci-
dence ion strikes, but would be seen for angled strikes.

A second requirement for pulse quenching to occur is that the
charge collection time constant associated with charge sharing
must be on the same order as the gate-to-gate electrical propa-
gation delay of the logic. The charge sharing signal must arrive
contemporaneously with the propagating SET electrical signal
in order to affect the pulse width.
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Optimization of Guard Ring Structures
to Improve Latchup Immunity in

an 18 V DDDMOS Process
Chia-Tsen Dai and Ming-Dou Ker, Fellow, IEEE

Abstract— The optimization of guard ring structures to
improve latchup immunity in an 18 V double-diffused drain
MOS (DDDMOS) process with the DDDMOS transistors has
together been investigated in a silicon test chip. The layout
parameters including the anode-to-cathode spacing and the guard
ring width are also studied to seek their impacts on latchup
immunity. The measurement results demonstrated that the test
devices isolated with the specific guard ring structure of n-buried
layer can highly improve the latchup immunity. The suggested
guard ring structures can be applied to the high-voltage circuits
in this 18 V DDDMOS process to meet the new Joint Electron
Device Engineering Council standard (JESD78D) with the trigger
current of over ±200 mA.

Index Terms— Double-diffused drain (DDD), latchup, n-buried
layer (NBL).

I. INTRODUCTION

SMART power technology, which can integrate both low-
voltage (LV) and high-voltage (HV) devices in a single

silicon chip, provides a cost-effective solution for high-voltage
and high-current capabilities while increasing performance and
reliability. When HV devices are used in HV CMOS ICs, the
possible occurrence of latchup induced by external glitches
or inductive load was difficult to eliminate [1], [2]. Latchup
in CMOS ICs is formed by the parasitic p-n-p-n structure
between VDD and VSS in CMOS circuits. Such a parasitic
structure is inherent in the bulk CMOS technology. Fig. 1
shows the device cross-sectional view and equivalent circuit
scheme of a latchup path between nMOS and pMOS transis-
tors in a CMOS technology. The latchup structure is composed
of a p-n-p BJT (Qpnp) and a n-p-n BJT (Qnpn), and the
positive feedback regeneration will start when one of the BJTs
is turned ON [3]. Due to the high circuit operating voltage
and structure complexity in HV CMOS ICs, latchup in the
HV structure usually suffers worse situation in comparison
with that in LV CMOS ICs. When latchup is triggered,
HV CMOS ICs are often seriously damaged by the latchup-
generated high power. Therefore, improving the latchup immu-
nity is one of major reliability issues in HV CMOS ICs.
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Fig. 1. Device cross-sectional view of the latchup path between nMOS and
pMOS transistors in a CMOS technology.

TABLE I

TRIGGER CHARACTERIZATION IN LATCHUP CURRENT TEST [4]

The methods and test procedures to investigate the latchup
immunity of integrated circuits with a latchup trigger current
test (I-test) had been defined in the Joint Electron Device
Engineering Council (JEDEC) standards [4]. The trigger char-
acterization for the latchup I-test in the up-to-dated stan-
dard (JESD78D) is listed in Table I, where the highest latchup
I-test level has been specified to be of greater than 200 mA.
Accordingly, nowadays many IC design houses develop their
IC products with a latchup immunity of over ±200-mA current
trigger as their desired specification.

To suppress the occurrence of latchup event, many tech-
niques had been reported using process optimization [5], [6],
layout structure [7]–[10], or even active guard ring design [11].
Among the previous studies, inserting the double guard rings
with grounded p-well ring and VDD-connected n-well ring
inside the latchup path to absorb minority carriers is one
of the most effective designs. However, there were a few
studies to investigate the influence of guard ring structures of
the double-diffused drain MOS (DDDMOS) device and their
layout parameters on latchup immunity in the HV DDDMOS
technology. This HV DDDMOS technology features multiple
voltage levels with various types of devices such as CMOS,

0018-9383 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

analyze the radiation response of nano-CMOS device test vehicle based
on target technology node in radiation environment.

The rest of the paper is organized as follows. Section 2 introduces the
architecture of 6T SRAM designed in target 65 nm technology node.
Section 3 relates with estimation of protons and heavy ions radiation
environment present at LEO for two years mission period from 1st Jan
2016 to 31st Dec 2017 using the OMERE-TRAD toolkit. Section 4 pre-
sents the determination of SEU rate for 6T SRAM storage cell. Finally,
Section 5 concludes this work.

2. Architecture of 6T SRAM bit-cell in 65 nm CMOS technology

Our investigation of SEU effectswas performedon a 6T SRAMbit-cell
in a 65 nmCMOS technology. The limitation to design a foundry speci!c
model of device under study i.e. (6T SRAM) was unavailability of rele-
vant process development kits (PDKs) which is proprietary to fabrica-
tion process for speci!c foundry. Therefore, the process technology
parameters such as channel length, power supply voltage (VDD), and
gate dielectric material thickness were determined to establish the lay-
out for academicmodel of SRAMbitcell in agreementwith International
Technology Road-map for Semiconductors (ITRS) for MOS circuits de-
sign for 65 nm bulk CMOS technology [5–7]. The most relevant param-
eters of 65 nm SRAM bitcell layout design incorporated in GDS2MESH
module to generate 3D model of device are listed in Table 1.

The 6T SRAM cell consists of two cross-coupled inverters called stor-
age bit-cell or storage latch and two NMOS access transistors known as
pass-gates or access-transistors. Fig. 1 depicts the SRAM schematic.

The memory storage cell is composed of two cross-coupled in-
verters. Fig. 1 shows the two cross-coupled CMOS inverters (M1–M4)
with two NMOS access transistors (M5, M6). It can be noted that
NMOS pull-down transistors (M1, M3) and access transistor (M5, M6)
share the common drains. The source regions of access transistors are
connected to complementary bit-lines represented by bit-line (BL),
bit-line bar (BLB) and gate terminals of access transistors are connected
to word-line (WL) to turn latch in ON or OFFmode depending upon the
mode of operation of SRAM. Moreover, the source regions of storage
cell's NMOS aswell as PMOS transistors are connected to nearest neigh-
boring cells in SRAM array.

The arrow in Fig. 1 represents exemplary a heavy ion strike at the
drain of a NMOS transistor (M3) while it is in off-state. In this case,
the ion strike causes a transient change in the output voltage of (Right
Hand Side) RHS inverter which appears on the input of (Left Hand
Side) LHS inverter. If the voltage at the input of LHS inverter falls
below the switching threshold, then the output of RHS inverter results
in change of state of memory cell from high logic state “1” to low logic
state “0” at node “Q”. Therefore, the charge on the gate capacitance de-
termines the state of the inverter and, consequently, the change inmag-
nitude of the transient voltage depends on the amount of charge
collected at the input node of CMOS inverter in storage cell. Typically,
the vulnerability of CMOS devices to SEU is de!ned in terms of a critical
charge, i.e., the required amount of collected charge to produce a tran-
sient voltage which is suf!cient to switch the state of inverter. There-
fore, it is inferred that critical charge depends on the supply voltage
and on the gate/substrate capacitance of the inverter [8].

Fig. 2 shows the 3D layout of the 6T SRAM bit-cell in conformance
with design rules for 65 nm process technology node. The poly-silicon

gate material, two CMOS inverters with NMOS, PMOS transistors have
been properly labeled.

3. Determination of radiation environment at LEO altitude

In order to assess the radiation environment existing at LEO altitude,
all threemain sources of ionizing radiationwere considered in our anal-
ysis, i.e., the trapped electrons and protons in Van Allen earth radiation
belts (ERBs), solar energetic particles (SEP) and galactic cosmic rays
(GCRs) [9]. GCRs consist mainly of hadrons with fractions of protons
(87%), alpha particles (12%), and heavier ions (1%) but heavy ions
with Z N 26 (iron) are rare [10]. The "uxes of particles alongwith corre-
sponding energy spectra can be calculated using OMERE-TRAD [11].

The energy spectra of different particle species from different
sources are conveniently generalized into LET spectra, where LET is
the linear energy E transfer de!ned as the mass stopping power of an
impacting species in a media with mass density ! [10]:

LET ! dE=dx" #=!: "1#

The integral"ux vs LET curves, shown in Fig. 3, determines the range
of LET and "ux of particles in sun-synchronous LEO environment, trans-
mitted through Al shieldswith 100mils thickness, to be encountered by
a SRAM cell of on-board sun-synchronous satellite [12].

The "uence distribution of energetic particles drops off rapidly with
increasing LETs, the largest population of particles has an LET of 20MeV-

Table 1
Design parameters for SRAM layout in bulk CMOS technology.

Parameters Thickness Remarks

Substrate (TSub) 70 "m Substrate thickness
Gate oxide (Tox) 2.45 nm Oxide thickness
Isolation (TSTI) 0.35 "m Shallow trench isolation thickness
Silicide (TSilicide) 0.02 "m Thickness of silicide layer
Metal layer (TM1) 0.18 "m Thickness of metal 1 layer
Poly-silicon gate (TPoly) 0.1 nm Thickness of poly-silicon gate

Fig. 1. Single port 6T SRAMbit-cell schematic whereas the arrow illustrates the location of
a heavy ion strike.

Fig. 2. 3Dmask layout of 6T SRAM bit-cell in 65 nm process technology nodewhereas the
arrow illustrates the location of a heavy ion strike.
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TID effect on memristor
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100keV e—irradiated
Ag/Ag-doped GeSe/Ni memristor

More on TID/DD

Gamma-ray-irradiated
Ta/TaOx/AlOx/IGZO memristor
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Ag/TiO2/Cu Memristors under 0.15V stress

Beyond storage : Rad-sensors
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PhD in Radiation-Hard Electronics

A. Nanodevice engineering
Focuses on the device fabrication of rad-hard artificial synapse memristor (1R) and selector
(1S) stacks, their integration (1S1R) in cross-bar array configurations, and exploits their
radiation tolerance and sensitivity.

B. Materials and/or electrical (device) modelling
Focuses on numerical analysis or simulation of the physical, chemical, and/or electrical
behavior of the fabricated nanodevices to elucidate the observed phenomenon or anomaly
due to radiation.

C. Neural network modelling
Focuses on the simulation and implementation of the fabricated devices for neuromorphic
computing applications (such as image processing, pattern recognition, data clustering, etc.)
and investigate the training accuracy irregularity due to the radiation damage and explore the
mitigation algorithm and/or exploit such irregularity for making adaptive electronics.

https://jobs.soton.ac.uk/Vacancy.aspx?ref=1374221PN



Collaborators for this project

UK

• Rutherford Appleton Laboratory
(ISIS neutron and muon source)

• Surrey Sattelites Ltd.
• ArcOne Instruments Ltd.
• Defence Science & Technology Laboratory

Italy

• KU Leuven

Belgium

• RedCat Devices

UEA

• Khalifa University





Useful links:

https://cef.soton.ac.uk/
https://www.southampton-nanofab.com/


