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Zinc oxide (ZnO) is one of the model materials for studying resistive switching phenomena,
which means that a material can switch between two resistance states, high resistance and low resistance
states, by applying electric field. Understanding resistive switching phenomena is important for
development of resistive random access memory. Resistive switching phenomena in ZnO film is a
unipolar type and occur due to formation of filament conductive paths; however the behavior in ZnO
nanowires differ depending on surface areas and lengths. Studying resistive switching phenomena
requires sandwich structure, in which the material sits between two electrodes, for applying voltage and
measuring current. In this work, we study ZnO nanowire using conductive atomic force microscopy (C-
AFM). The ZnO nanowires were vertically growth on an Ag/glass substrate using a hydrothermal
method, which serves as a bottom electrode. A conductive Pt tip serves as a top electrode. By conducting
experiments on a C-AFM platform, [-V characteristics of individual nanowires can be obtained. We
found that ZnO nanowires exhibit unipolar switching behavior, the same ZnO film growth by the same

method. The V, and V , values of a nanowire over many cycles varies with some overlapped values.

reset
The switching voltages from different nanowires also varies. When consider dependence on the nanowire
cross-section area, we found no correlation with the switching voltage values. This suggests that the
resistive switching phenomena here is caused by a conductive filament. The I-V characteristics of ZnO
shows charge-limited current behavior in the low resistance state, and Ohmic behavior for the high
resistance state. The ZnO film has higher current and lower switching voltages with space-charge limited
current for both high and low resistance states. The lower switching voltages in ZnO film is likely due to

more conductive filaments. Different [-V characteristics between the nanowires and the film suggest

different conduction mechanism due to more surface area of the nanowires.
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Physical properties Value

Lattice Hexagonal. wurtzite

Lattice constants a=0.324nm, ¢=0.519 nm, c/a=1.60

Band gap energy 3.2¢eV

Dielectric constant 8.66

Refractive index 2.008

Specific heat 9.66 cal/(mol-K)

Intrinsic carrier concentration <106 cm”

Mobility (300 K) 100-200 cm’/Vs (electron), 5-50 cm’/Vs (hole)
Melting point 2248 K
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Conduction P rocesses Voltage & Temperature Dependence
) —b
Tunneling J x Veexp 7
—C
Ohmic behavior ] x Ve Xp (T)
9e;uV?
Space-Charge-Limited Current = W

J < T?exp [kq_T (aVV — (Z)B)]

Schottky emission

Poole-Frenkel emission

J < Vexp [kq_T QaVV — (Z)B)]

@ B = barrier height. g, b, and c are constant. €; = permittivity. (4 = mobility.
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Abstract: Resistive switching phenomena is important for the development of resistive random
access memory (RRAM). Most resistive switching phenomena were studied in oxide materials
because the change in oxygen vacancies can change the resistivity in these materials. This project
studies the resistive switching of ZnO nanowires using conductive atomic force microscope
(C-AFM). We performed the current-voltage measurement on the ZnO nanowire grown vertically
on a Ag substrate. The C-AFM tip and the Ag substrate act like as the top and bottom electrodes.
By applying external voltage to electrodes, the resistance state of ZnO nanowires can be verified.
We observed the resistive switching behavior in ZnO nanowires, and the behavior exhibits unipolar

switching.
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Resistive switching (RS) phenomena are a change in resistance
between a high resistance state (HRS) and low resistance state (LRS),
which occurs in dielectric materials when an external electric field is applied.
Understanding RS phenomena is important for next-generation memory
technology due to the application in resistive random access memory.
RS phenomena have been studied most widely in oxide materials because
the change in oxygen vacancies can change the resistivity in these
materials. In this work, we studied the RS behavior in ZnO nanowires using
conductive atomic force microscopy (C-AFM). Using C-AFM, we can directly
observed the difference behavior of each nanowires.

\

Two typical classifications of RS phenomena

Unipolar Bipolar
1 1

Compiance

_ Complianca
Curront Current

r A C
»
¢
{" HRS
v v
2 Vier
g

Unipolar switching requires only one polarity of external voltage for set
and reset processes, but bipolar switching requires both two polarities.

Zn0O nanowires sample

ZnO nanowires grown on Ag substrate via a
seed-assisted hydrothermal process. Nanowires
tend to stand vertically on the substrate. This
arrangement makes ZnO nanowires suitable for
C-AFM measurements.

Conductive Atomic Force Microscopy (C-AFM)

Pt tip 1um

Zn0 I

nanowires

—v

opm

AFM image of the nanowires.

= Operate by applying a bias voltage to a conductive AFM tip.
= Measure local conductivity by mean of current that flow throughout

the sample.

\- Obtain /-V characteristic of an individual nanowire.

Conclusions

= We investigated resistive switching behavior in single ZnO nanowires
using C-AFM.

= The /-V characteristic exhibits an unipolar resistive switching type.

= Cycling endurance of a single nanowire still cannot be obtained.

= The switching voltages of each nanowires are different.

Study of the Resistive Switéling
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Using Atomic ForCeddicroSeope
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Results

Typical -V curve of single ZnO nanowire
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* The resistance can changed between HRS and LRS when we apply
only one polarity in the voltage sweep.
= This curve suggests a unipolar switching behavior.

i Switching reproducibility of single ZnO nanowire
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Cycle number

= Switching between the LRS and HRS can occur as many as 5 cycles.
= The Vresetand Vsef sometime overlapped.

\. J

Switching voltage distributions of 30 ZnO nanowires

1* cycle

10F 4
Sof fa® B
g §
o
g of i 8 2 ]
o 1w o E ]
2

0 4

Vforming  Vreset Vset

= Forming processes occurred at a Vforming of > 3.0 V.

= Both Vreset and Vset values distribute between 0.0 - 10.0 V.
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platensis

Atitheb Chaiyasitdhi', Wirat Miphonpanyatawichok?, Mathis Oliver Riehle®,
Rungrueang Phatthanakun®, Werasak Surareungchai®®, Worasom Kundhikanjana®,
Panwong Kuntanawat?%7*

1 Biological Engineering Program, Faculty of Engineering, King Mongkut's University of Technology
Thonburi, Bangkok, Thailand, 2 Division of Biotechnology, School of Bioresources and Technology, King
Mongkut’s University of Technology Thonburi, Bangkok, Thailand, 3 Centre for Cell Engineering, Institute of
Molecular, Cell and Systems Biology, College of Medical, Veterinary and Life Sciences, University of
Glasgow, Glasgow, United Kingdom, 4 The Synchrotron Light Research Institute, Nakhon Ratchasima,
Thailand, 5 Nanoscience & Nanotechnology Graduate Program, Faculty of Science, King Mongkut’s
University of Technology Thonburi, Bangkok, Thailand, 6 School of Physics, Institute of Science, Suranaree
University of Technology, Nakhon Ratchasima, Thailand, 7 School of Biotechnology, Institute of Agricultural
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Abstract

Morphological transformations in primitive organisms have long been observed; however, its
biomechanical roles are largely unexplored. In this study, we investigate the structural advan-
tages of dimorphism in Arthrospira platensis, a filamentous multicellular cyanobacterium. We
report that helical frichomes, the default shape, have a higher persistence length (L), indicat-
ing a higher resistance to bending or a large value of flexural rigidity (k), the product of the
local cell stiffness (E£) and the moment of inertia of the trichomes’ cross-section (/). Through
Atomic Force Microscopy (AFM), we determined that the E of straight and helical trichomes
were the same. In contrast, our computational model shows that /is greatly dependent on heli-
cal radii, implying that trichome morphology is the major contributor to krvariation. According
to our estimation, increasing the helical radii alone can increase k;by 2 orders of magnitude.
We also observe that straight trichomes have improved gliding ability, due to its structure and
lower k:. Our study shows that dimorphism provides mechanical adjustability to the organism
and may allow it to thrive in different environmental conditions. The higher k;provides helical
trichomes a better nutrient uptake through advection in aquatic environments. On the other
hand, the lower k;improves the gliding ability of straight trichomes in aquatic environments,
enabling it to chemotactically relocate to more favorable territories when it encounters certain
environmental stresses. When more optimal conditions are encountered, straight trichomes
can revert to their original helical form. Our study is one of the first to highlight the biomechani-
cal role of an overall-shape transformation in cyanobacteria.

PLOS ONE | https://doi.org/10.1371/journal.pone.0196383 May 10,2018
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