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Abstract

Over the past few years, extremely high charge-storage capacities of glucose-based oligo- or polysaccharides have been
discovered that enables such materials to hold a great potential in electronics applications due to their abundant and
renewable materials. Typically, the introduction of an a-glucan-containing polysaccharide into the dielectric layer of a
transistor-type memory device causes excellent irreversible electron-capture properties; hence, a transistor device embedded
with oligosaccharide maltoheptaose domains expresses write-once-read-many (WORM)-type behavior, which confirms that
green materials can be used for advanced electronics. However, their irreversible WORM-type characteristics also restrict the
application «-glucan-containing polysaccharides in high-performance electronic devices. Recent advances in
oligosaccharide-based block copolymers through the inherent immiscibility of different polymer segments can enhance
not only the formation of self-assembled nanostructures but also the switching of memory properties. Furthermore,
supramolecular structures composed of oligosaccharide-based block copolymers and conjugated moieties can be developed
into high-performance nonvolatile organic field-effect transistor (OFET) memory devices. This mini review presents an
overview of the recent literature in oligosaccharide maltoheptaose-based block copolymers and their promising applications
in organic memory devices.

Introduction layer sandwiched between a semiconducting layer and a
dielectric layer to modulate its high-conducting and low-
conducting states. Charge-trapping layers, including layers
of the three major types of trapping materials (metallic

nanofloating gate dielectrics, organic ferroelectric

In recent years, organic nonvolatile memory (ONVM)
devices have attracted considerable research attention in the
field of electronics because of their advantages including

their low cost, light weight, structural flexibility, and simple
processing, which make them applicable in a variety of
applications, for example, radio-frequency identification
(RFID), flexible displays, and smart phones [1, 2]. With the
continuous advances in non-destructive reading behavior,
low power consumption, ease of circuit structure integra-
tion, and multi-bit storage capability, the memory devices
based on organic field-effect transistor (OFET) configura-
tions have rapidly become an inexpensive alternative to the
other proposed categories of ONVM devices for developing
data-storage applications [3-8]. An OFET memory cell is a
conventional transistor integrated with a charge-storage
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oriented—dipole dielectric materials, and polymer electrets),
have been developed to store charge within the bulk of the
dielectric film or at the interface between the gate dielectric
and the semiconducting channel [1, 9-16]. Among them, an
impressive polymer-based electret charge-storage material
is an important and preferred candidate to improve memory
behaviors because of their structural design flexibility,
large-area fabrication, and low-temperature processability.
Difference design concepts for the chemical composition, -
conjugation length, polymer architecture, and self-
assembled morphology for these polymer electrets have
been proposed and demonstrated to effectively tune the
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Fig. 1 a Schematic of the (a)

pentacene-based OFET device Al AL
with a maltoheptaose (MH) (Drain)
dielectric layer and its molecular
structure. b Transfer
characteristics of an MH-based
transistor memory device at Vg4
= —30V. ¢ Schematic
illustration of the irreversible
electron-trapping mechanism
within the MH dielectric. d The
geometry of neutral and charged
MH molecules according to a
theoretical molecular simulation
using density functional theory
(DFT) with B3LYP and 6-31G.
Reproduced with permission
from Chiu et al. [36]. Copyright
2015, Wiley-VCH
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Dielectric Layer

memory characteristics in OFET memory devices [16—19].
In fact, broadening the applications of polymer-based
electronic devices is correlated with an increase in envir-
onmental issues because synthetic polymers are typically
produced from petroleum-derived synthetic resources. With
increasing demand for plastic products including everyday
items and emerging soft electronics, fossil fuel materials or
traditional sources have had to be gradually replaced by
non-petroleum-based polymers and those derived from
environmentally sustainable sources to decrease petroleum
consumption and non-biodegradable waste. For example,
several materials, including numerous proteins and naturally
biodegradable polymers of cellulose, chitin, and starch,
from animal, plant, and bacterial sources have been inves-
tigated and widely used in diverse fields, such as paper-
making, adhesives, coating materials, biomedical applica-
tions and manufacturing biofuels to protect the environment
and conserve energy sources [20-31]. However, due to the
insulating properties of bio-based materials, applying bio-
based materials to electronics is widely accepted as chal-
lenging. More recently, green chemistry techniques based
on carbohydrate polymers have innovatively bridged the
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environmental friendliness and biocompatibility of natural
resources into electronic applications. Nevertheless, turning
these renewable polymers into high-performance electronic
devices is still a significant challenge since carbohydrate
polymers are electronically inactive. To address this pro-
blem, an additional electroactive ingredient can be chemi-
cally modified or physically blended into the carbohydrate
polymers to actively control the electrical signals generated
by organic electronics [32-34]. Designing electronics that
can be integrated into biomaterials has become an efficient
procedure to broaden the electrical applications of the car-
bohydrate polymers. Notably, Chiu and Chen et al.
exploited the charge-storage behaviors of an o-glucan-
containing polysaccharides, including oligosaccharide mal-
toheptaose (MH), dextran and polysucrose, in bio-based
materials and successfully proposed an MH-based copoly-
mer as the charge-storage layer for preparing high-
performance nonvolatile memory devices [35-39]. Herein,
this article mainly discusses the electron-trapping mechan-
ism of oligosaccharide MH, the relationships between
chemical structures and the corresponding supramolecular
structures, self-assembly morphologies and the memory
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Fig. 2 Schematic configuration of the pentacene-based OFET memory
device and molecular structures of a MH-b-PS and MH(APy)-b-PS
supramolecules, b MH-b-PStFl, (n=1 or 2), ¢ MH-b-PPyMA,, and

device characteristics of some newly reported MH-based
copolymers and their promising future as the next genera-
tion of green electronics.

Discussion

Glucose-based oligo- or polysaccharides can potentially
serve as charge-storage layers induced by charge carriers at
the dielectric/semiconductor interface for the next genera-
tion of green transistor-type memory devices. Chiu, Chen
and co-workers first recognized the charge-storage beha-
viors of oligosaccharide MH, the a-glucan-containing
polysaccharide, and then successfully developed MH-
based copolymers as dielectric layers for high-
performance green memory devices [35-39]. It began by
inserting a thin film of the linear oligosaccharide MH
between the semiconducting pentacene layer and the SiO,
layers of a transistor configured as shown in Fig. 1a [36]. To
examine the electrical transfer characteristics, a positive
gate bias was applied to the transistor device, and as a
result, a large threshold voltage shift was observed in the
transfer curve and did not dissipate (Fig. 1b). In other
words, the oligosaccharides possess an extremely strong

MH(4Py-Acceptor-4Py),-b-PPyMA,, supramolecules (n = 10, 20, and
40; x=1 and 1.5), and d MH-b-PI,, (n = 3800 or 12,600)

charge-trapping capability, which allows the MH layer to
effectively and irreversibly trap electrons when the penta-
cene/the MH layer interface is subjected to a sufficient built-
in electric field. Therefore, the device could maintain a
nonvolatile high-current state with highly stable retention
characteristics even after a treatment of erasing voltage
stress, which presents as write-once-read-many-type
(WORM-type) behavior. Although the electron-trapping
phenomena in OFETs and OFET memory devices are reg-
ularly caused by other synthetic polymers containing con-
siderable numbers of hydroxyl groups in their structures
[40-43], the negative charges cannot be stabilized in the
dielectric materials. The unique mechanism used by MH-
based materials for electron trapping at the interface
between the oligosaccharide gate dielectric and the semi-
conductor was postulated to involve deprotonating the
hydroxyl groups in the semiconducting layer to give
negatively charged O~ moieties when an external gate
voltage is applied. MH molecules with one negative charge
tend to share a hydrogen atom with another molecule. Other
than that the length of the hydrogen bonds ranges from 1.6
to 1.9 A, much shorter hydrogen bonds (1.4 A) are formed
by the strong intermolecular interactions of the charged MH
molecules (Fig. lc, d). The higher electron density of the
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Fig. 3 Atomic force microscopy phase images of an MH-b-PS diblock
copolymer film: a random sphere structure (as-cast); b horizontal
cylinder (12 h of annealing); and reversible shift in the transfer char-
acteristic of the pentacene-based OFET memory devices with different

resulting hydroxyl anions can potentially enhance the
hydrogen bonding to stabilize and tightly trap the electrons
injected into the polysaccharide structure leading to the
irreversible WORM-type characteristics of the material. In
addition, other a-glucan-containing polysaccharides in bio-
based materials, including dextran and polysucrose, have
shown similar carrier-trapping abilities, which further
implies the important role of the a-glucan moieties in the
memory behavior. As the oligosaccharide MH-based devi-
ces express nonvolatile memory characteristics, a sub-
stantial amount of effort has been dedicated to changing the
memory behavior of these devices from nonvolatile to
volatile using electrets of MH-based block copolymers and
their supramolecules (Fig. 2).

MH-b-polystyrene block copolymer (MH-b-PS) was
used as the electret in a transistor memory device to switch
from WORM behavior to flash-type memory characteristics
(Fig. 2a) [35]. In this manner, the thin film of MH-b-PS
with a thickness of 43—45 nm could be tuned such that the
ordered MH nanodomain in the PS matrix could have dif-
ferent orientations from spherical to cylindrical by
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Copyright 2014, Wiley-VCH

increasing the solvent (H,O/THF at a ratio of 1/1) annealing
time (Fig. 3a, b) [1, 35, 43]. The PS block served as an
insulating matrix and a tunneling layer with a low k to
reduce the interactions between the polysaccharide/semi-
conductor and facilitate the release of trapped charges in the
very hydrophilic and polyhydroxylated MH block. In one
approach, changes in the morphology of the MH-b-PS
significantly affected its memory behaviors and retention
capability, as shown in Fig. 3c, d, which is similar to what is
seen with state-of-the-art in nanofloating gate and block
copolymer-nanoparticle hybrid memory devices [1, 43—-45].
A horizontal cylindrical MH domain triggers a stronger
electron-trapping ability than what is achieved with a ran-
domly oriented sphere or a vertical cylinder, as illustrated in
Fig. 4. Thus, the larger interface between the pentacene and
the MH domains in the case of horizontal cylinders can be
attributed to the effective contact area of the polarized
hydroxyl groups. Although the electron storage could be
controlled by the MH structure, the MH-b-PS-based devices
possess poor hole-trapping ability. To further improve the
memory properties, increasing the content of 1-
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Fig. 4 Illustration of the effect of the morphology on the memory
characteristics of pentacene-based OFET memory devices under a
positive and a negative bias using electrets of a MH-b-PS block

aminopyrene (APy) supramolecules in the electrets via
hydrogen bonding can help reduce the number of free
hydroxyl groups in the MH block and increase the hole-
storage capacity of the conjugated pyrene structure. As a
result, the polarizability of the MH-b-PS and the trend in the
dielectric constant decrease (Fig. 2a), and the optimized
device using horizontal cylinders of the APy composite
electrets were reported as excellent flash memory devices
with a wide memory window (52.7 V), retention times
longer than 10*s, high hole mobility of ~10~! cm?/Vs, and
high on/off ratio of > 10°, and the device was stably rever-
sible over 200 cycles without decay. High-performance
OFET memory could possibly be achieved by using green
electrets derived from MH-based block copolymers com-
posed of the trapping and low-k tunneling moieties and their
supramolecules.

In addition to using APy supramolecules, electroactive
moieties (such as oligofluorenyl groups) were employed as
the side chains of PS to replace the above PS blocks and
form MH-based block copolymers MH-b-PStFl, (n=1 or
2, Fig. 2b) [37]. By incorporating an electron-trapping MH
block, the p-type nature of the PStF], film allows it to act as
a charge transport layer, which strengthens its retention
characteristics. Otherwise, a large electron injection barrier,
such as that formed by embedding an MH block into an
StFIn moiety, can reduce the charge-trapping ability of the

A Pyrene Molecule

Erasing State
V,<0

o - +
Electron Hole

copolymer and b MH(APy)-b-PS supramolecule. Reproduced with
permission from Chiu et al. [35]. Copyright 2014, Wiley-VCH

MH block. Unlike non-conjugated PS blocks [35], the self-
assembled morphology, the memory window, and the
OFET memory characteristics of the MH-b-PStFIn-based
memory devices were correlated with oligofluorenyl chain
length (Fig. 5). The well-defined self-assembled spherical
microdomains with sub-10 nm sizes in both 50 nm-thick
bulk (Fig. 5a, b) and thin film diblock polymers generated
using thermal or solvent annealing processes were preferred
morphological designs for inducing memory characteristics
in MH-b-PStFIn devices. As the conjugation length of the
pendent oligofluorene moiety increased, the grain size
decreased and the memory windows increased in these
devices (Fig. 5c, d) because of the well-ordered arrange-
ment of the PStFIn blocks after the incorporation of MH and
the improved electron-donating or electron-accepting abil-
ities of the PStFl, blocks. However, the extremely strong
hole trapping by the PStFl, segment is related to the poor
switching stability of MH-b-PStFl,-based devices. There-
fore, the MH-b-PStFl;-based memory device was
announced as a better and greener polymeric candidate for
nonvolatile flash-type memory applications as it could be
subjected to >180 write-read-erase-read (WRER) cycles
with not only high mobility (0.52 em?/Vs) and Ion/Iopr
ratios (10°—10%) but also a long-term retention time >10%s.

Obviously, the major effects of the structural and mor-
phological properties of the MH-based electret layer on the

SPRINGER NATURE
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Fig. 5 a TEM image and b SAXS data of the self-assembled spherical
structure of a thermally annealed MH-b-PStFl, bulk sample and the
electron transfer curves of memory devices prepared from thermally

device memory characteristics have been determined for the
above MH(APy)-b-PS and MH-b-PStFl,, devices. Further
studies were conducted to confirm the effects of the struc-
ture of the block copolymer-based supramolecular complex,
maltoheptaose-block-poly(1-pyrenylmethyl methacrylate)
(MH-b-PPyMA, Fig. 2c), and the morphology of its
supramolecular ~ complex, = MH(4Py-Acceptor-4Py)-b-
PPyMA, on the OFET memory characteristics [38]. Con-
sistent with a previous report on MH-b-PStF],-based devi-
ces, the trapping ability of MH blocks embedded in PPyMA
is reduced by the electron injection barrier of the densely
packed PPyMAn shell, and as a result, a 4Py-Acceptor-4Py
moiety was added to improve the electron-trapping ability
of the polymer electret layer. In this study, the thermally
annealed MH-b-PPyMA bulk samples can nanomorpholo-
gically be converted from cylindrical to spherical by con-
trolling the composition of the MH and PPyMA segments
(Fig. 6a); however, only spherical nanodomains, which
have strong intermolecular interactions and high surface
energy of MH, are formed in both the thermally annealed
MH-b-PPyMA and MH(4Py-Acceptor-4Py),-b-PPYMA
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annealed MH-b-PStFl, (n=1 or 2) electrets: ¢ MH-b-PStFl; and d
MH-b-PStFl,. Reproduced with permission from Sun et al. [37].
Copyright 2015, ACS Publishing

film due to the strong intermolecular interactions and high
surface energy of MH. The thickness of the polymer film
was also controlled to be approximately 50 nm. Among the
MH(4Py-Acceptor-4Py),-b-PPyMAn-based devices, the
MH(4Py-BT-4Py), 5-b-PPyMA10-based device exhibited
the best memory characteristics and showed a higher hole
mobility of ~1 cm?/Vs, high Ion/Iope ratios of 10°-107, a
long-term retention time larger than 10*s and the ability to
withstand more than 100 WRER cycles (Figs. 6b, c). For
this study, the proportion of the acceptor and donor in a
block copolymer-based supramolecular was found to be the
crucial factor for enhancing the memory characteristics,
which improved the potential of the electret layer for
applications in nonvolatile flash memory devices.

Despite the great advances in their memory properties,
carbohydrate-based materials limit their attractiveness in
stretchable electronics applications due to the lack of elastic
properties. Recently, flexible electronics have attracted tre-
mendous attention for their future prospects for wearable
electronics, e-skin, and biomedical applications. To take
advantage of block copolymers as the inherent immiscibility
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Fig. 6 a SAXS data of thermally annealed, self-assembled MH-b-
PPyMA bulk samples that shifted from cylindrical to spherical
morphologies as the DP of the PPyMA segments increased from 10 to
40; b the electron transfer curves and ¢ the switching stability of the

of different polymer segments, Chen and co-workers suc-
cessfully designed block copolymers of oligosaccharides
and polyisoprene that can be tuned from solid to stretchable
memory devices (Fig. 2d) [39]. As usual, MH blocks with a
large number of hydroxyl moieties can trap electrons and
serve as the charge-trapping material. In addition, the
properties of PI in a block copolymer system have been
defined not only impact the flexibility of the material but
also insulate the matrix to control the charge trapping
through the nanostructures of the block copolymer film. By
controlling the ratio between the PI and MH blocks, the
non-stretching moiety can spontaneously assemble into
nanodomains (Fig. 7a-c). Typically, the formation of a 50-
nm-thick MH-b-Pl; g, or MH-b-Plj, ¢ thin film with a
vertical cylinder, horizontal cylinder or ordered sphere
nanostructure can be achieved using a solvent annealing.
Again, the effect of thin film morphologies with different
nanostructures and orientations of the MH domain was
clearly shown to have a substantial impact on the memory
behaviors (Fig. 7d-f). At positions perpendicular to the
electrodes, the vertical cylindrical MH-b-Pl5g, thin film
provides a direct and active route for charge trapping, giv-
ing this material WORM-type memory properties (Fig. 7d).
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memory devices prepared from thermally annealed MH(4Py-BT-4Py)
1.5-b-PPyMA | supramolecular electrets. Reproduced with permission
from Sun et al. [38]. Copyright 2016, RSC Publishing

In the case of the horizontal MH cylinders, the cylindrical
domain device shows flash-type behavior because the
separated PI matrix cannot form an immediate channel
connecting the two electrodes, and the active route may fall
away when a reverse bias is applied (Fig. 7e). On the other
hand, MH-b-PI},4-based device with spherical MH
domains show reduced trapping abilities and showed
dynamic random access memory (DRAM)-type behavior
(Fig. 7f). In contrast to the memory behavior, as the elastic
characteristics of the MH-b-Pl;, ¢ thin film could be fully
recovered under 100% strain, the MH-b-PI;, ¢ block
polymer was used to fabricate stretchable memory devices
based on the Polydimethylsiloxane (PDMS) substrate/Car-
bon nanotubes (CNT)/MH-b-PI thin film/Al configuration
(Fig. 7j). The PDMS/CNT/MH-b-Pl;, ¢,/Al memory devi-
ces were reported to have an excellent ON/OFF current ratio
of over 10° (reading at —1V) with a stable Vg of
approximately —2 V under 0%—-100% strain or over 1000
cycles of continuous stretch relaxation under 40% strain.
Compared with using the rubber-like, stretchable, con-
ducting PDMS/CNT composite, which could maintain good
conductivity and stretchability over 100% strain, as the
bottom electrode or other high-performance OFET devices,

SPRINGER NATURE
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Fig. 7 Atomic force microscopy images of MH-b-Plsg, diblock
copolymer film that self-assembled into a a vertical cylinder after 8 h
of annealing; b horizontal cylinder after 48 h of annealing; and ¢ MH-
b-Pl;5 ¢k diblock copolymer film that self-assembled into a spherical
structure (24h of annealing). I-V characteristics of the MH-b-PI;-
based resistive memory device with MH-b-PI;, films with different

these MH-based block copolymers hold great potential for
developing wearable and stretchable devices [36-38, 46,
47]. For this reason, in addition to the switching of the
resistive memory behaviors as a response to the nanos-
tructured morphology, the design of polymer segments into
MH-based block copolymer systems can be used to achieve
advanced properties to meet the various requirements for
MH-based memory devices.

Conclusion

In recent years, increasing environmental awareness has
made the identification of natural materials for use in
electronics more desirable. Compared with other synthetic
polymers, glucose-based oligo- or polysaccharides, parti-
cularly MH, have advantages including their high abun-
dance, renewability, and extremely high charge-storage
capacity. Currently, the advances in MH-based block
copolymers with self-assembled nanostructures and their
supramolecules have been used to achieve promising

SPRINGER NATURE

morphologies: d vertical cylinder; e horizontal cylinder; and f sphere. j
An illustration of the stretchable, rubber-based memory device with a
PDMS substrate/CNTs/MH-b-PI thin film/Al structure with high
stretchability under (i) 0% and (ii) 100% strains. Reproduced with
permission from Hung et al. [39]. Copyright 2017, Wiley-VCH

polymer electrets with excellent electrical and memory
properties that are much more affordable to be replaced.
Notably, the rational design of sugar block polymers with
different functional segments can provide not only high-
performance memory characteristic but also some of the
intrinsic properties associated with conjugated molecules.
However, in addition to the very impressive result reported
thus far, several factors that impact the electron injection
barrier and efficient charge trapping such as the structure of
the block polymer, the morphology of the electret layer, and
even the supramolecular complex are still challenging on
block copolymers concerns for the preparation of OFET
memory devices. In the future, glucose-based block copo-
lymer materials have great potential to develop into high-
performance nonvolatile memory devices with expectation
as the next generation of green electronics.
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