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Memristors, which feature small sizes, fast speeds, low power, CMOS compatibility and nonvolatile
modulation of device resistance, are promising candidates for next-generation data storage and in-
memory computing paradigms. Compared to the binary logics enabled by memristor devices, ternary
logics with larger information-carrying capacity can provide higher computation efficiency with simple
operation schemes, reduced circuit complexity and smaller chip areas. In this study, we report the
fabrication of memristor devices based on nano-columnar crystalline ZnO thin films; they show
symmetric and reliable multi-level resistive switching characteristics over three hundred cycles, which
benefits the implementation of univariate ternary logic operations. Experimental results demonstrate that
a three-valued logic complete set can be realized by the univariate operations of the present ZnO
memristor device, and a ternary multiplier unit circuit is designed for potential applications. The present
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1. Introduction

The foreseeable end of Moore's law in the near future and the
von Neumann communication bottleneck impose urgent
demands on the launching of next-generation electronic devices
and new computation paradigms that can enhance the running
efficiency of modern computer systems.' Resistive switching
memristors, with their fast operation speed, low-power poten-
tial, excellent scalability and integrativity, and capability of
executing memory and logic operations through reversible
modulation of device resistance under an electric field,>* are
considered as promising candidates for in-memory computing
techniques when performing data-intensive tasks in the big
data and artificial intelligence era.>” After the first demonstra-
tion of memristive logics through Materials Implication (IMP)
by the HP Laboratory in 2010, numerous efforts have been
devoted towards developing methods and circuits for the
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methodology can be beneficial for constructing future high-performance computation architectures.

implementation of basic NAND, NOR and INV gates world-
wide.*** Kvatinsky, Lu and Choi proposed the concept of
Memristor-Aided Logic (MAGIC) to implement all 16 Boolean
logic operations,”*™* whereas Waser adopted the sequential
logic idea, in which the same target could be achieved with
a single memristor device in no more than 3 steps.'” Recently,
You, Li and Gao have further extended sequential logics to non-
symmetric, complementary and unipolar devices,'*"® again
suggesting that memristors offer a alternative yet simple
strategy for in-memory computing applications.

Compared with traditional binary systems, multi-value
digital circuits not only may increase the information process-
ing capability of the computing systems significantly, but may
also help obtain simple architectures with better anti-
interference ability.” Many practical events exhibit ternary
characteristics, such as the operating state of an automobile
(forward, reverse, stop) and the three primary colors of pixels in
display panels, wherein the use of a three-value logic unit to
control the input and output signals may enhance the perfor-
mance of the system. This is especially true when millions of
pixels are integrated in a large-area display panel because the
total number of the driving device units involved will be
reduced significantly.

Generally, implementing ternary logic through a memristor
not only requires the device to demonstrate reliable three-level
resistive switching behavior between the high resistance state
(HRS), intermediate state (MRS) and low resistance state (LRS)
but also show equal amplitudes of the set and reset voltages
during the HRS/MRS and MRS/LRS transitions. However, due to
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the uncontrolled migration of the ionic species inside the oxide
switching matrix and the consequent random evolution of the
conductive filaments, memristor devices usually show fluctua-
tion in their programming voltages and device resistances. Due
to this concern, efforts should be devoted to optimizing the
chemical compositions and microstructures of the resistive
switching materials and devices.

Considering that zinc oxide nanofilms usually grow into
columnar nanocrystals, pseudo-straight conductive filaments
may be formed along the vertically aligned grain boundaries.
The elimination of branch-structured conductive filament
formation and suppression of their stochastic evolution can
result in more controllable and stable switching performance of
the device. In this letter, columnar nanocrystalline structured
zinc oxide thin films and memristor devices exhibiting
symmetric and reliable three-state resistive switching charac-
teristics are used to implement univariate ternary logic opera-
tions for the first time. Taking the literal logics of F,, Fs and Fig
as an example, all 27 possible single-variable ternary operations
can be realized with a single device in no more than three steps.
Together with AND and OR operations, a functional complete
set of ternary logics has been established to construct a three-
value multiplier. Beyond the advantages of in situ calculation
and data storage towards in-memory computing applications,
the selection of the ternary literal logics F,, Fs and F;g also
allows a simpler function expression and circuit architecture,
with smaller numbers of required memristor devices for the
construction of multiplier units.

2. Experimental methods

The zinc oxide (ZnO)-based resistive switching memristors were
fabricated by photolithographic patterning and magnetron
sputtering deposition in a 20 x 20 crossbar array on commer-
cially available SiO,/Si substrates. Bottom electrode (BE) stripes
with a width of 20 pm and length of 10 mm were defined with
a positive photoresist under UV lithography and deposited with
Pt by direct-current (DC) sputtering on the SiO,/Si substrate.
ZnO nanofilm was then fabricated by radio-frequency (RF)
magnetron sputtering at room temperature in pure Ar atmo-
sphere at a chamber pressure of 1 Pa, according to well-defined
procedures. The top Pt electrode (TE) stripes with widths of 20
pm and lengths of 10 mm were then deposited by UV litho-
graphical patterning of the positive photoresist and sputtering
of the metal target onto the ZnO nanofilms. In this study, the TE
and BE are defined as the T1 and T2 terminals, respectively. The
microstructure of the as-deposited ZnO nanofilm was moni-
tored by X-ray diffraction (XRD, Bruker AXS, D8 Discover) using
Cu-K, radiation and cross-sectional high resolution trans-
mission electron microscopy (TEM) using an FEI Titan Themis
200 transmission electron microscope. The spatial resolution of
the TEM observations is 0.1 nm, and the TEM specimens were
prepared on a FEI Helios 450 dual beam focus ion beam (FIB)
workstation with the dimensions of 500 nm height x 3 pm
width x 40 nm thickness. The thicknesses of both the Pt TE and
BE electrodes and the oxide switching layer can also be directly
visualized from the TEM images. Room-temperature electrical
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measurements of the Pt/ZnO/Pt devices were performed in both
direct current (dc) voltage sweeping and pulse modes with an
Agilent B1500A semiconductor parameter analyzer equipped
with a B1530A fast measurement unit. Different levels of
compliance currents or cutoff voltages were used to achieve
different resistance states of the device during the set and reset
procedures.

3. Results and discussion

Symmetric three-level resistive switching characteristics with
comparable set/reset voltages and similar device resistances in
both positive and negative polarities are essential prerequisites
for the physical implementation of univariate ternary logic
operation in memristors. However, based on the well-developed
filamentary conduction theory, conductive filaments (CFs) with
dendritic structures and uncontrolled numbers are usually
formed in resistive switching devices through random mobile
ion migration and solid-state redox reactions along the grain
boundaries of polycrystalline oxide films.**** The stochastic
evolution of these CFs during subsequent annihilation and
regeneration will lead to severe fluctuations of the program-
ming voltages and device resistances, as well as deterioration of
the device retention and endurance characteristics;** this
hinders the direct application of memristors. In order to avoid
reliability and stability issues, straight or pseudo-straight fila-
ments that can suppress the random disconnection and
reconnection of the branched CFs occurring at different spots
during consecutive operations are greatly desired. Achieving
these targets may require optimization of the compositions of
the resistive switching materials, microstructures and AND/OR
operating schemes of the devices.”®?* Regarding these
concerns, zinc oxide (ZnO) is considered to be a promising
candidate for memristors due to its simple stoichiometry, facile
fabrication, and good compatibility with the CMOS platform, as
well as its tunable resistive switching characteristics via doping
and microstructure manipulation.®*?* In particular, its
columnar crystalline structure with vertical grain boundaries
along the direction of growth may provide a cut-through
pathway for oxygen anion or oxygen vacancy migration®-¢
and facilitate the formation of pseudo-straight conductive fila-
ments across the switching layer (Fig. 1a-c). The orderly packed
ZnO columnar grains with nearly perfect crystalline micro-
structures around the as-formed CFs would further limit the
radial in-diffusion of the mobile oxygen species from the
surrounding matrix to neutralize the metallic Zn or ZnO;_,
suboxide-based filaments. As such, more stable and reliable
resistive switching performance can be expected for multivalue
in-memory computing applications.>**”

Based on this idea, we fabricated a Pt/ZnO/Pt structured
device on a commercially available SiO,/Si substrate by
magnetron sputtering as described above in the Experimental
Methods section. The X-ray diffractive pattern and TEM images
indicate that the ZnO nanofilm is (002)-textured and grew into
straight columnar microcrystals (Fig. 1b and c). The thicknesses
of the as-prepared ZnO nanofilms are =30 nm. As marked by
the white dashed line in the HRTEM image in Fig. 1d, the

This journal is © The Royal Society of Chemistry 2019
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(a) Schematic of the formation of pseudo-straight conductive filaments in Pt/ZnO/Pt resistive switching memristor devices with vertical

grain boundaries. (b) XRD patterns of the Pt-coated substrate (blue) and the ZnO nanofilm grown on it (red). (c) TEM image, (d) HRTEM image and
(e) zoom-in view of the lattice fringes and fast Fourier transformed images of the as-fabricated Pt/ZnO/Pt device showing columnar ZnO

nanocrystals.

vertical grain boundaries propagating along the out-of-plane
direction can be clearly identified from the surrounding oxide
columnar crystals. On one side of the boundary (region a), the
ZnO nanocrystal shows a uniform lattice fringe of (002) planes
with a d-spacing of 0.260 nm (upper panels of Fig. 1e), indi-
cating that the particular column has a majority phase of
hexagonal wurtzite structure. The corresponding fast Fourier
transformed micrograph also verifies this claim. On the other
side (region b), although the lattice fringe shows a smaller d-

space of 0.247 nm, which indicates observation of the (101)
crystal planes (lower panel of Fig. 1e), the fast Fourier trans-
formed micrograph reveals that the crystalline structure of this
nano-column is identical to that of region a except for the
different grain orientation. Therefore, it can be confirmed that
with the present sputtering setups, zinc oxide nanofilms with
a hexagonal wurtzite column structure that favors the formation
of pseudo-straight conductive filaments can be obtained as
expected.
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(a) DC current-voltage characteristics and (b) pulse mode response of the Pt/ZnO/Pt memristor showing three-state switching behavior.

(c) and (d) show the room-temperature endurance and retention performance of the device, respectively.
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Fig. 3
resistances of the memristor.

The current-voltage (I-V) curve of the Pt/ZnO/Pt device is
shown in Fig. 2a. Three resistive states that are stable and
accessible can be obtained by controlling the limiting current
during the set process and the cut-off voltage during the reset
process. During the set process, the device can be switched from
a high resistance state (HRS, 2.5 kQ to 5.0 kQ) to a middle
resistance state (MRS, 200 Q to 600 Q) by sweeping the voltage
(applied to TE) from 0 V to 0.8 V with a limiting current of 1 mA
(blue curve, sweep 1). Although the device current is limited by
the compliance preset, continuous migration of the oxygen
species can lead to overgrowth of the conductive filaments, and
the device resistance is smaller than the nominal value deter-
mined by the I-V curve.®® As such, in sweep 2, the device current
(pink curve) departs significantly from the previous level and
transits from MRS to a low resistance state (LRS, 30 Q to 80 Q) at
~0.5 V with an increased compliance current of 10 mA. Upon
reversing the voltage polarity in the subsequent reset process,
sweeping from 0 V to —0.8 V and —1.6 V can reprogram the
device resistance state back to the MRS and HRS, respectively
(sweeps 3 and 4). It is noteworthy that the present Pt/ZnO/Pt
device shows gradual rather than abrupt transitions during
the reset processes, which benefits the selection of proper
programming voltages to maintain the operation symmetry for
logic algorithms. Herein, 0.7 V (Vin1), 1.4 V (Vinz), —0.7 V (—Vin1)
and —1.4 V (—Vy,,) were employed as the threshold voltages for
the device to switch between HRS, MRS, and LRS in subsequent
experiments. The switching ratios of both the HRS/MRS and
MRS/LRS transitions are close to 10, which provides a good

24598 | RSC Adv., 2019, 9, 24595-24602

(@) Truth table and (b—d) experimental demonstration of the F,, Fig and Fg literal operations, showing the equivalent voltages and

distinction window for the subsequent logic output identifica-
tion. As shown in Fig. 2b, three-state switching can also be
achieved with pulse mode operation, where the black, dashed
and red lines represent the input voltage pulses, immediate
responding currents and device currents read at 0.2 V, respec-
tively. All these states can be repeatedly programmed and
accessed (Fig. 2¢) and can be maintained for at least 10* seconds
at room temperature (Fig. 2d). The cycle-to-cycle and device-to-
device variations of all the programming voltages and HRS/
MRS/LRS resistances are less than 7%, which indicates the
potential capability of the present device for practical applica-
tions. In this work, the pulse voltages applied to either T1 or T2
serve as the univariate input signals, while the value of Vy — Vo,
determines the change of the device resistance in the logic
operation. We define V, =0V, V; = 0.8V, and V, = 1.6 V as logic
inputs “0”, “1”, and “2” and the high, intermediate and low
resistances as the logic outputs “0”, “1”, and “2”, respectively.
The output logic (final resistance) state of the memristor is
stored directly in the same device and can be read out by an
additional independent read step with a small voltage pulse of
0.2 V.

Generally, univariate ternary logic consists of 27 functions
(flx) € {0, 1, 2}) and can be classified into several groups.* Based
on the above definitions, all 27 of these operations can be
achieved in no more than 3 sequential steps of initializing and
writing(s) with a single memristor (Tables S1 and S2f). In
practical applications, we only need to select a combination of
functions that can form a complete set of three-valued

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (a and b) Truth table and (c and d) experimental demonstration of the AND and OR operations showing the equivalent voltages and
resistances of the memristor.

univariate functions (e.g. {f2, f6, f18}, {21, f9, f18} and {f21, f2,
f8}). With the aid of AND and OR operations, certain groups of

the univariate functions can be used to form a three-valued

This journal is © The Royal Society of Chemistry 2019

functional complete set. When implementing the same func-
tion, there are certain differences in the arithmetic complexity
of different univariate function combinations. Due to the

RSC Adv., 2019, 9, 24595-24602 | 24599
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Fig. 5
experimental demonstration of the full multiplier operation.

simple function expression and circuit architecture for the
three-valued multiplier, we demonstrate the implementation of
literal logics of F,, Fs and F,3 as an example. As shown in the
truth table of Fig. 3a, upon fixing the initial logic state of the
device and one of the terminal voltage inputs, one more step of
univariate writing to the other terminal can implement literal
logic operations. Herein, the variable g takes the values “0”, “1”
or “2”; Vpase is defined as 0.2 V, and Vy,, is defined as 1.4 V.
As a proof-of-concept, we show the experimental imple-
mentation of the literal logic in Fig. 3b-d. For logic F,, the ZnO
memristor is initially programmed to logic “0” with a resistance
of 2.5 kQ to 5.0 kQ, and the T2 terminal is fixed as Vj,4s (Fig. 3b).
When voltage pulses with amplitudes of 0 V (logic “0”), 0.8 V
(logic “1”) and 1.6 V (logic “1”) are applied to the T1 terminal,
respectively, the final resistances of the device are recorded as
3.5 kQ (logic output “0”), 3.6 kQ (logic output “0”) and 48 Q
(logic output “2”). Consistent with the results summarized in
the truth table, logic function F, is thus achieved with a two-step
operation (initial = “0”, T1 = g, T2 = Vjy,s). Logic Fig can be
realized similarly by fixing the initial logic state of the mem-
ristor as “0” and the T1 terminal as Vy,, and applying writing
voltage variables g to T2. To achieve logic Fs, one more writing
step is necessary: the memristor is first initialized to logic “2”;
then, T2 is fixed as Vi, while T1 is written with the voltage

24600 | RSC Adv., 2019, 9, 24595-24602
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(a) Circuit structure diagram of the three-valued multiplier unit based on ZnO memristors. (b) The truth table, operation method and (c)

variable g; finally, T1 is fixed as Vpase, and T2 is written with the
voltage variable g. As such, Fy is implemented through a three-
step operation.

To form the functional complete logic set, we demonstrate
the truth table and operation method of the AND and OR
operations in Fig. 4. In the AND operation, after the device is
initialized to logic “0”, input p is first written at T1 while T2 is
grounded; then, input g is written into T1, and T2 is fixed at V,
(Fig. 4a). The actual equivalent voltages (Vr; — Vr,) applied to
the memristor and the corresponding resistance states during
the p/q input process are sequentially shown in Fig. 4c, con-
firming the realization of the AND operation in the present
ternary scheme. Similarly, Fig. 4b provides the truth table and
operation method for OR operation, and Fig. 4d shows the
actual equivalent voltages applied to the memristor and the
changes in device resistance during execution.

Based on the functional complete logic set of the literal
logics of F,, Fs and F;3 and the AND and OR operators, a simple
three-valued multiplier circuit was designed with four ZnO-
based memristors (Fig. 5a). Herein, the memristors M;, M,,
and M; are responsible for multiplication, while M, is respon-
sible for the bit-carry operation. The multiplicand and multi-
plier are defined as logic inputs A and B, respectively. Note that
the logic state of the HRS/LRS device will not change even when

This journal is © The Royal Society of Chemistry 2019
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continuous negative/positive voltages are applied to the ZnO
memristor. We used this characteristic to stop M, and M; from
working when the multiplicand input A = 0; thus, only M; was
functional. Similarly, when the A inputs are “1” and “2”, the
working devices are M, and Mj3, respectively. In other words, the
M; (i =1, 2, 3) device is responsible for the multiplication of the
multiplicand A = “ — 1”. The ternary multiplier produces
a carry output only when both the multiplicand A and the
multiplier B are equal to 2; therefore, it is only necessary to store
the carry output value with the M, device in the M; branch.
Because the carry signal in the multi-valued logic is a binary
signal, e.g. the product output at C is a binary digit, the carry
operation is only performed when the output of M, is logic “2”.
Otherwise, it is not carried. After the calculation is completed,
the current value read by the small voltage can be used as the
output result. The truth table and operation method of the full
multiplier (FM) are shown in Fig. 5b. Due to the two-step
implementation of the univariate function, bimodal pulse
input is used during the operation. Fig. 5c shows the experi-
mental FM operation, wherein the red and blue lines represent
the operating pulse voltage and current response on the mem-
ristor. The four blue current curves are the current responses of
M, to M,. The gray area (M; to M;) represents the multiplier
result value output, and the yellow area (M,) is the carry output.

4. Conclusion

We produced a bipolar three-state memristor device with
columnar nanocrystalline zinc oxide as the switching layer to
obtain symmetric resistive switching characteristics and
proposed a simple approach to implement ternary logics.
Through univariate operation in no more than three steps of
initializing and writing(s), literal AND and OR operations can be
achieved with a single device to form a functional complete
three-valued logic set. Based on this, four memristors were used
to design a three-value multiplier unit. In addition to the in-
memory computing capabilities, the higher order computa-
tion scheme with the present ternary routes may further
enhance the efficiency of in-memory computing with reduced
wire connections and lower chip areas. By including materials
with high dielectric constants or optimizing the thickness and
microstructure of the switching matrix, the device current can
be further lowered to enhance the energy efficiency of in-
memory computing with resistive switching memristors.
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