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We report here a nano-electronic—mechanical storage mechanism with graphene flakes (GFs) revealed by in situ
transmission electron microscopy observations accompanied by nano-manipulation and probing of electrical
properties. Repeatable two- and three- level state storage was demonstrated using two GFs nanoelectrodes
with evident hysteresis properties. The detailed mechanisms, including the formation and rupture of the GFs

f\iz:gt: i?ﬁ%ﬁg”;gféés contact as well as the corresponding electrical properties of the hysteresis, were visualized directly. Due to
the high mechanical stability and outstanding electrical conductivity of the graphene, the hysteresis property

DOI-10.1039/c6rallllsg is quite stable, which allows multi-value storage in this system. This work provides a route to achieve multiple
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Introduction

Data storage is one of the most important aspects of modern
electrical devices. Current data storage techniques are realized
based on various mechanisms, such as rewritable compact
disks, which use signals obtained by optical reflection from
phase change materials, flash memory, which involves charge
storage in dielectric materials, and hard disks, which exploit the
giant magnetoresistance effect.”* It is widely accepted that
techniques used for data storage should show hysteresis prop-
erties. This supplies a storage window wherein the data can be
stored in the corresponding state. The demand for higher
storage density has continued during the past decades. One
route to achieve high storage density is to diminish the size of
the data storage unit until a technical or physical limit is
encountered. Another route is to use multiple value storage
instead of binary value storage.® Binary storage uses “low” and
“high” current/voltage levels as “0” and “1” signals in modern
digital circuits, while multiple value storage may use more
states. For example, three-level type storage has “0”, “1”, and “2”
signals; thus, it provides three states. Multiple values increase
the storage density rapidly according to S”, with “S” being the
usable state and “n” being the number of storage units.
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value storage based on the nano-electronic—mechanical storage mechanism.

Theoretically, 100 storage units will result in storage capacity
that is enlarged ~10"” times (= 1.5'°°) simply by replacing, for
example, two-level storage with three-level storage. Thus, ach-
ieve multiple value storage is highly desirable.

There have been many studies on multiple value storage.
Different material systems and device structures have been
demonstrated. Examples include semiconductor materials with
an Au/BiFe; ¢sMn, 503/LassCaz;sMnO; heterostructure,* die-
lectrical materials of lead zirconate titanate,” insulator mate-
rials of silicon monoxide,® and hybrid materials of graphene-
ferroelectric composites.® Some new device structures were also
suggested based on graphene structures.”® Recent studies nor-
mally use the current-voltage relationship to illustrate the
existence of multiple value storage mechanisms, and the
physical origin is of great interest. However, due to the complex
conduction mechanisms of the different materials, as well as
their strong relationship with material fabrication techniques,
reliable multiple value storage device fabrication still remains
a challenge. Also, the detailed mechanism is disputed and still
remains unclear. This has also impeded the development and
application of multiple value storage.

In the current report, we demonstrate a multi-value storage
system based on a nano-electronic-mechanical mechanism using
reconnectable graphene flakes (GFs). Contact-rupture hysteresis in
the graphene structure was demonstrated, and relatively stable
storage windows were observed. We show both binary- and multi-
value storage in this system, and the mechanisms are clearly
demonstrated based on detailed in situ observations.

Experiments

A nanofactory TEM-STM holder was used for in situ manipula-
tion and probing of the electrical properties of the system. A 200
keV TECNAI G20 transmission electron microscope (TEM, FEI

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 (a) Schematic of the nanofactory TEM-STM measurement and manipulation mechanisms. (b) Sample structure of the current experi-
ments; GFs = graphene flakes. The structure is in accordance with that shown in the TEM image in (c). (d) The current—position relationship
shows a two-level storage mechanism during approaching ((e) to (g)) and withdrawing ((h) to () of the GFs tips. TEM images (e) to (1) share the

same scale bar.

Company) was used for observation and image recording. Gra-
phene flakes (GFs) were obtained by heating amorphous carbon
in situ to burning in the high vacuum TEM chamber (greater
than 2 x 10~* Pa). Two segments of gold wire (purity > 4 N,
diameter 0.25 mm) were used as electrodes and mounted in the
TEM-STM holder. One of the gold wires was fixed (and electri-
cally grounded), and the other was allowed to move in three
dimensions (see Fig. 1(a)). The gold wire tip was dipped into an
ethanol dispersion of Ag nanowire,” removed, and allowed to
dry naturally; thus, Ag nanowire was attached firmly onto the Au
surface.

Graphene flakes were fabricated in situ inside the TEM
chamber. Amorphous carbon was used as the starting phase;
this may be introduced by electron beam induced material
deposition or simply formed on Ag nanowires by atmospheric
absorption of floating organic molecules after long-time
storage. After the contacting of two Ag nanowires with
a region of amorphous carbon between them, a high current
pulse was applied and passed through the contact. This caused
the graphization of the amorphous carbon. Numerous gra-
phene flakes were stacked and connected between the gold
electrodes (see Fig. 1(b) and (c)), in accordance with our
previous observations.'® By manipulation of the movable gold
electrode, the connections of the graphene flakes could be
mechanically broken or reconnected, and their electrical prop-
erties could be measured.

Results and discussion

Good metallic contact between Au wires and Ag nanowires is
confirmed by connecting two Ag wires without amorphous
carbon or graphene flakes between them.® The TEM image in
Fig. 1(c) shows good contact between the GFs and the Ag

This journal is © The Royal Society of Chemistry 2016

nanowire. The GFs were found to be stacked randomly and
formed a free-standing sheet with a typical thickness of ~3 nm,
as determined from the TEM images, connected between the
two Ag nanowire tips. The sheet of GFs can be fractured by
applying a voltage pulse followed by the creation of two sharp
tips, as indicated by colored arrows in Fig. 1(e). The GFs can be
connected by bringing the probe towards the fixed side. A
constant voltage of 2 V was applied to the probe as it
approached the fixed side (with a velocity of 6.5 nm s~ ). The
contact of the GFs tips can be verified directly from the TEM
images as well as from the change of current. Once contact was
made (indicated by the red arrow in Fig. 1(f)), a jump in the
current was observed (site “f”, Fig. 1(d)). A projected contact size
of ~8 nm was observed. As the probe approached the GFs sheet,
a slight deformation occurred on the left side (fixed side,
Fig. 1(g)) due to compression deformation, while the current
level remained unchanged (site “g”, Fig. 1(d)). Retraction of the
probe (with a velocity of 6.5 nm s, see Fig. 1(h) to (k)) also
showed little change in the current level (site “h” to “k”,
Fig. 1(d)) until the final contact fracture (Fig. 1(1) and site “1”,
Fig. 1(d)). Fig. 1(j) and (k) also showed strain (maximum strain
achieved at ~12.8% for the left side GFs and ~4.7% for the right
side GFs, Fig. 1(k), from the TEM images) of the GFs around the
contact, as judged from the in situ observations. The final
fracture position did not overlap with the initial contact posi-
tion, as observed in both the current-position curve and the
TEM image in Fig. 1(1). A hysteresis window with a size of
~26 nm was observed. Binary current level distribution was
observed in Fig. si(a),f indicating a two-level storage
mechanism.

Careful checking of the TEM images revealed that both the
GFs tip structures on the right side (probe side) and the left side
(fixed side) changed very little after the contact was ruptured
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(cyan and green arrows in Fig. 1(e) and (1)), indicating that the
contact was fractured almost at the same site where the contact
occurred. Indeed, our repeated approach and retraction
measurements show similar hysteresis windows. The window
size exhibited a weak exponential-type decrease during the
initial ten to fifty measurements before a relatively constant
window size was achieved (Fig. s2(a)f). After a longer
measurement sequence, the window size tended to be distrib-
uted around an average value (Fig. s2(b)t). The exponential
dependence of the window size at the initial stage may be
caused by accelerated structure alteration under the energetic
electron irradiation. This is because a 200 keV e-beam has
sufficiently high energy to change the atomic structure of
carbon based materials'’. However, the e-beam effect can be
excluded as a main source for the structure change during our
experiment period, because evident structure change is
observable on a time scale (several minutes) much larger than
our in situ experimental time (several seconds).

The constant current level under the contact state (Fig. 1(d))
indicated that a constant contact area was maintained under
both compression (Fig. 1(g)) and pulling (Fig. 1(j) and (k)). A
notably stable contact was actually realized once the graphene
tip contact was formed. In another aspect, the small variation of
the fractured contact tip structure indicated that the structure
rupture did not occur at exactly the same place. This small but
limited structure alteration of the contact tips may be due to the
intrinsically small graphene flake size and the high tendency of
structure defect formation at their connecting interface. The
connecting interface may be the weak point and contribute to
the rupturing of the contact. Therefore, the structure change of
the contact tip can result from the addition or loss of one or
several graphene flakes. Moreover, from Fig. 1(d), a current
density on the order of ~10” A cm™? can be calculated when
considering a rectangular contact with a thickness of ~2 nm
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and a length of ~8 nm. This current density is comparable to
that of carbon nanotube structures, indicating that high quality,
firm contact was readily achieved once the GFs contact was
established.

In situ current-voltage (I-V) scans (Fig. s3(a)t) showed
symmetric characteristics. This excluded the possibility of
electrical asymmetry induced by different GFs-metal local
contact structures or contact areas. As a matter of fact, the I-V
should be mainly contributed by the contact site region due to
the relatively small contact size. Analysis of the I-V curves
revealed that the space charge limited current (SCLC) was the
dominant conducting mechanism (Fig. s3(b)t), which verified
the contact-dominated current.”

The fundamental contact hysteresis can be interpreted based
on two graphene electrodes under constant electrical bias, as
shown in Fig. 2. Initially (Fig. 2(a)), two graphene flake elec-
trodes were placed opposite to each other with a tip-to-tip
distance of d,, corresponding to an open state (position “a” in
Fig. 2(g)). The tips approached each other, inducing tip contact
(Fig. 2(b)) and an increase in the current level (position “b” in
Fig. 2(g)). Carbon-carbon (C-C) bonds formed at the contact
site help to connect the two GF electrodes and support the
current flow. Further approach of the tips, however, results in
no further increase in the current level (position “c” in Fig. 2(g)),
as the contact remains the same size although structure
deformation is observed (Fig. 2(c)). A slight withdrawal also
results in the same current level because the contact is still
retained (Fig. 2(d), position “d” in Fig. 2(g)). The C-C bonds
connecting the two GF electrodes contribute a contact strength
that prevents the contact from being ruptured when the probe
position (Fig. 2(e), position “e” in Fig. 2(g)) is passing through
the initial position (Fig. 2(b)), unless a relatively larger with-
drawal distance is applied (Fig. 2(f), position “f” in Fig. 2(g)).
This mechanism generates a hysteresis window in the current
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Fig. 2 Schematic of the nano-electronic—mechanical memory mechanism using GFs. (a) Two graphene flakes tip-to-tip with distance dp
represent the initial state. (b) Tip contact resulted in an electrical connection. Lg is the reference length when the tips are just in contact. Both the
plane view and the side view are shown. (c) Further approach of the tips induced elastic deformation, while the electrical connection was
retained. Ly was reduced by L;. (d) The electrical connection was retained as the tip was subsequently withdrawn, which reduced the elastic
deformation. (e) Further tip withdrawal caused elastic deformation of the graphene flakes, while the electrical connection was retained. Lo was
extended by L, due to elastic deformation. (f) Tip-to-tip distance of d| when the contact was just ruptured. d| > dy holds due to the elastic
deformation. (g) Change of the current level or state with position in accordance with the change of the contact structure. “a” to “f" corresponds
to the situations shown in (a) to (f). Note that single crystal graphene sheets are shown here for clarity; these should be more appropriately

interpreted as inter-connecting GFs, as seen in our experiment.
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(or resistivity, or state)-position relationship. The added length
of the initial two GFs electrodes (with the initial distance of L,
Fig. 2(b)) was extended to L, + L,, with L, being the increased
length due to elastic deformation during withdrawal, and was
decreased to L, — L;, with L, being the elastic deformation
during approach. The window size (W) should be fulfilled by:

W=dy+ L, (1)
L,=S-L/Y (2)

where S is the contact strength and Y is the Young's modulus of
the structured GFs. It is worth noting that due to the relatively
large Young's modulus of perfect graphene, L, is rather small;
this results in a very small window size. Therefore, in order to
achieve a larger window size, the structures depicted as single
crystal graphene should be replaced by sheets of GFs with large
amounts of three-dimensional compacted GFs structures, with
Young's moduli Y that are tunable via density or package style."
GFs structures obtained by in situ thermal activation (as ob-
tained in this work) or by reduced chemically derived graphene
oxide with good flake size control may be used for nano-elec-
tronic-mechanical storage.

Multi-level storage was also realized by using a similar
mechanism to that presented in Fig. 3(a). The current-position
relationship shows a typical three-level mechanism (see also
Fig. s1t). This mechanism was realized by adding another
contact to the two-level system, as described in Fig. 3(b) to (j).
Fig. 3(b) to (d) show, in sequence, the approach of the GFs
electrode (“b” to “d” in Fig. 3(a)) for the formation of the second
contact (indicated by a blue arrow in Fig. 3(e)) after the first
contact (red arrows in the figures) was already formed. In
Fig. 3(c), the sites used for the formation of the second contact
are indicated by green and cyan arrows on the opposing GFs
tips, respectively. Formation of the second contact caused the
current to jump again, as indicated at “e” in Fig. 3(a). Further
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approach of the tip slightly pressed the GFs sheet on the left
side (Fig. 3(f)) and resulted in very limited current variation (“f”
in Fig. 3(f)). Subsequent withdrawal of the tip resulted in well-
preserved electrical and structural connections (Fig. 3(g), “g”
in Fig. 3(a)) until the final contact rupture (Fig. 3(h), “h” in
Fig. 3(a)). A storage window with a size of ~18 nm was observed.
The contact sites also showed little structure change after the
rupture, as can be seen from a comparison between Fig. 3(c) and
(i). The first contact was also well maintained, as verified by the
same current level at positions “i” and “b”, “c” and “d” in
Fig. 3(a); this contact was finally ruptured, resulting in zero
current (Fig. 3(j), “j” in Fig. 3(a)).

It can be readily seen in Fig. 3(b) to (i) that the first contact
was well maintained; thus, the higher current level after the
second contact formation resulted from both of the contacts
being connected in parallel. The second contact thus contrib-
uted a current of ~3.5 pA, corresponding to a current density on
the order of ~10” A cm™? by considering a rectangular contact
with thickness ~2 nm and length ~15 nm. This is in accordance
with the above estimation. The I-V curves (Fig. s3(a)f) of the
contacts (including the first and the second) also show similar
symmetric characteristics (SCLC) with the same slope
(Fig. s3(b)t), suggesting that increased current level should be
the only result of the increased contact area.

The three-level mechanism can be interpreted based on the
formation of two contacts with different distances, as sche-
matically shown in Fig. 3(k). When two oppositely placed GFs
approach each other, the contact “C1” forms firstly because of
the smaller distance, which contributes to a current jump.
Further approach causes a shape deformation of “C1”, with
a slight current change. When the “C2” contact is formed, the
second current jump appears and remains constant as the GFs
approach further. Separation of the two GFs induces the rupture
of the contacts in reverse order and accordingly gives the step-
ped current-position relationship. Considering the window

I (uA)

20 30 40
Position (nm)

Fig.3 (a) The current—position relationship shows a three-level mechanism. TEM images presented in (b) to (j) show the approach and formation
((b) to (f)) as well as the withdrawal and rupture ((g) to (j)) of the contact(s). The TEM images share the same scale bar. (k) GFs with two contact
pairs, indicated by C1 and C2, with different distances. Colored atoms indicate individual GFs.
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sizes of the two contacts, W; and W,, respectively, the initial
distance between the first contact, d,, and the distance between
“C1” and “C2”, L, the three-level mechanism requires:

Wy >dy+ L 3)
Wy > dy (@)

Eqn (3) and (4) imply that in order to realize the three-level
mechanism, the two hysteresis windows should have some
regional overlap in order to obtain the stored state. Although
more windowed current-position relationships were observed
in some of our experiments (for example, as shown in Fig. s4(a)
and (b)), up to four current level steps were observed, they
failed to realize the window overlap; thus, they were not usable
for storage. Levels greater than three are theoretically possible
based on the current mechanism; however, they are actually
more difficult to achieve and may require further consideration
of their material, mechanical and structure design.

The contact hysteresis of the GFs plays the key role in nano-
electronic-mechanical storage mechanisms. It was found that
the contact hysteresis was less observable under low current
density (as shown in Fig. s5t), where very small hysteresis
windows (on the order of ~0.5 nm) were observed, indicating
low contact strength. Consequently, high current density was
suggested to induce better contact strength through an in situ
spot-welding mechanism that takes place during contact of the
GFs. The occurrence of a thermal effect at the contact may
promote inter-edge connection of the graphene flakes in order
to achieve physical carbon bond connections rather than weak
van der Waals interactions.

Summary

We demonstrated a nano-electronic-mechanical mechanism
using graphene flakes that could be used for multiple value
storage. The detailed mechanisms were studied by in situ
transmission electron microscope observations, accompanied
by nano-manipulation and probing of the electrical properties
of the system. Repeatable two- and three- level state storage
processes were shown by contacting two GFs electrodes with
contact hysteresis. A spot-welding mechanism during the
contact hysteresis was suggested. The relationships of some key
parameters to the storage mechanism, including the window
size, the elastic deformation of the GFs and the Young's
modulus of the materials, were also discussed.
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