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The scheme and operational principles of the nanoelectromechanical memory cells are proposed. These cells,
which use two electrodes and a third gate electrode, operate by electrostatic unrolling of a carbon nanoscroll
due to an applied voltage. Memory cell operation relies on two stable states: nonconducting Off state (rolled
nanoscroll) and conducting On state (partially or fully unrolled nanoscroll). Based on the analysis of the memory
cell energetics, the switching voltage between Off and On states is calculated as a function of the cell dimensions.
The lower limit of the switching voltage is estimated to be about 5 V for two electrode cells and 15 V for cells
with a third gate electrode. For cell dimensions that result in full nanoscroll unrolling in the On state, a return

to the Off state is impossible. These cells are promising for archival memory applications, and the optimal cell
dimensions for such applications are determined.

1. Introduction

Carbon nanoobjects such as graphene and nanotubes have excellent
electronic and elastic properties and simultaneously are chemically in-
ert and stable at high temperature that makes them to be promising for
application in various nanoelectromechanical systems (NEMS). Partic-
ularly a wide set of nanoelectromechanical switches and memory cells
based on graphene and carbon nanotubes have been produced [1-13]
and considered theoretically [14-32] (see also Refs. [33-35] for a re-
view).

Carbon nanoscrolls, yet another carbon nanoobjects, have been pro-
duced in two recent decades by various methods of synthesis: chemical
vapor deposition [36-38], ball milling of graphite [39], electrochemical
graphite exfoliation [40-42], microexplosion method [43,44], electro-
static deposition of graphene layers [45], rolling of a graphene layer on
a substrate immersed into solution [46], rolling around nanowires [47]
and around water nanodroplet [48], and use of microwave sparks in
liquid nitrogen [49].

Here a scheme and principles of operation of nanoelectromechanical
memory cells with two electrodes and the third gate electrode which are
based on unrolling of carbon nanoscroll are proposed and the switching
voltage of these memory cells is calculated as a function of sizes of the
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memory cell parts. The sizes of the memory cell parts for such memory
cells usable in archival memory are calculated. The small switching time
(related with small Q-factor) in comparison with memory cells based on
graphene and carbon nanotubes is discussed.

2. Concept of memory cell

The possibility of NEMSs based on carbon nanoobjects to operate
as memory cells is based on the following properties of these nanoob-
jects. First, the easiness of relative motion or bending of carbon nano-
tube walls and graphene layers allows to design bistable systems with
the existence of two minima of potential energy of the system as a
function of relative positions of its movable parts with the possibil-
ity of switching between states corresponding to these minima (so
called bistability). Second, the high conductivity of carbon nanotube
walls and graphene layers allows to design the systems with consid-
erably different conductance of the system in the states corresponding
to these minima that allows to use these states as the nonconducting
Off state and the conducting On state of the memory cell. Moreover
the high conductivity allows to use electrostatic force to control mo-
tion of movable parts of the memory cell. Thus the set of memory cells
and switches where movable carbon nanoobjects are used for switch-
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Fig. 1. Schemes of the nanoscroll-based memory cells with two electrodes (a) and the third gate electrode (b) in the Off and On states (top view). Here w is the
nanoscroll length along its axis, w,, is the overlap length between the nanoscroll and electrode 2 or electrode 3 for the memory cells with two and three electrodes,
respectively, d;) is the equilibrium distance of van der Waals interaction between the nanoscroll and the plane of electrode 2 (when the partially unrolled nanoscroll
sticks to electrode 2), dog is the distance between the nanoscroll and the plane of control electrode (electrode 2 and electrode 3 for the memory cells with two
electrodes and the third gate electrode, respectively) in the Off state, d, < dy is the distance between the nanoscroll and the plane of electrode 2 for the memory cell
with the third gate electrode. (c) Cross-section (side view) of the nanoscroll-based memory cell with two electrodes in the Off state with the nanoscroll outer radius
R,y = Rog = 2.5 nm, the nanoscroll inner radius R;, = 1.444 nm, the distance d = dog = 1.68 nm between the nanoscroll and electrode 2, and the length L =39 nm
across the nanoscroll axis of the initial rectangular graphene layer used to produce the nanoscroll. Cross-section of the cylinder used in calculations of the memory
cell capacitance is shown by the dashed line. (d) Energy of the memory cell E as a function of the nanoscroll outer radius R, calculated by Eq. (1) for the memory
cell with the sizes in the Off state corresponding to panel (c) and the nanoscroll length along its axis w = 20 nm (and equal to the overlap length w,,) at the different
applied voltages between the electrodes 1 and 2: 0 V (curve 1), 3 V (2), the switching voltage U, =7.2 V (3), and 10 V (4). Point A on curve 1 corresponds to the
nanoscroll ground state energy and outer radius R, = Rog of the nanoscroll in the absence of applied voltage. Point B on curve 3 corresponds to the coincidence

of the first minimum and maximum in the dependence E(R,,,) at the applied switching voltage Uy, .

ing the conductance between electrodes are implemented and consid-
ered [1-5,7-21,24,28,30,31]. Namely, such memory cells are based on
relative motion of carbon nanotube walls [5,7,19,20] and graphene lay-
ers [24], bending of carbon nanotubes [1-4,12,14-18,21], a graphene
membrane [8-10,13,28,30,31], and a graphene cantilever [9,31]. The
schemes of memory cells with three electrodes where the third gate
electrode used for switching between Off and On states have been also
considered [2-4,11,12,15-17,20,30,31]. Such a scheme allows to sepa-
rate the electrical circuits used for recording and reading of the state of
the memory cell. By analogy we consider schemes of the memory cells
based on unrolling of a carbon nanoscroll with two and three electrodes
shown in Figs. 1a and 1b, respectively. For the memory cell in the non-
conducting state Off a rolled carbon nanoscroll is attached to electrode
1, and the conducting state On a partially or totally unrolled nanoscroll
is attached to both electrode 1 and electrode 2.

A considerable advance has been made in the last decades in the
development of the information carriers with increasing reading and
recording rates and density of information. However such advance leads
to more and more new types of information carriers and therefore to
necessity of information rerecording. Moreover the typical lifetime of
modern information carriers is 10-30 years [50]. Because of this, the
development of new information carriers for an archival memory with
a lifetime of hundreds of years is a pressing problem.
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An archival memory needs materials which are stable against chem-
ical, mechanical and thermal treatment and request a high lifetime
of spontaneous switching between the On and Off states. Since car-
bon nanomaterials are highly stable and chemically inert two types of
archival memory cells based on such nanomaterials have been proposed:
the memory cell based on the motion of a magnetic iron nanoparticle
inside a carbon nanotube [51] and the memory cell based on bending
of a graphene membrane [28]. Both these memory cells have a huge
energetic barrier between the On and Off states which excludes the
spontaneous switching between these states due to thermodynamical
fluctuations at heating. However the memory cell based on the motion
of a magnetic nanoparticle requires the probe with a magnetic tip for
recording and reading of information. As for the memory cell based on a
graphene membrane, the switching from the On state with a bent mem-
brane to the Off state with a flat membrane is possible at mechanical
treatment on the archival memory. Here we propose the On state of the
archival memory cell based on carbon nanoscroll which corresponds to
a fully unrolled nanoscroll into a graphene layer, so that reverse rolling
of the graphene layer into the nanoscroll corresponding to the Off state
is highly unlikely at any treatment. According to calculations the carbon
nanoscroll lifetime for unrolling into flat graphene nanoribbon due to
thermodynamical fluctuations at room temperature exceeds 1000 years
for any reasonable sizes of the nanoscroll [52]. This means that sponta-
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neous switching of the memory cell from the state Off to the state On is
also highly unlikely.

Below we consider the memory cell operation and perform calcu-
lations of its operational characteristics for the memory cell with two
electrodes. Then the applicability of the calculated characteristics for
the memory cell with three electrodes is discussed in Section 4.3.

3. Energetics of memory cell

Let us consider the energetics of the nanoscroll-based memory cell
which related with calculations of the switching voltage. The total en-
ergy E of the memory cell is given by

E=E,+Ec, €]

where E is the total energy of a carbon nanoscroll and E( is the
electrostatic energy of the memory cell. As it is discussed below in
Section 4.2 the energy Ey,, of van der Waals interaction between the
nanoscroll and the plane of electrode 2 can be disregarded at the calcu-
lations of the switching voltage.

According to [52], the total energy E of a carbon nanoscroll rolled
up from a rectangular graphene layer of sizes w (in direction of the nano-
scroll axis) and L in the form of an Archimedean spiral (R = he/2x)
with a distance h between adjacent turns is the sum of the energy of
van der Waals interaction between adjacent layers in the nanoscroll Ey,
and elastic bending energy of the nanoscroll E:

Eps=Ey + Eg;

1 ewL,
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where € < 0 is the energy of interaction between graphite layers per car-
bon atom, C = 20.1 meV-nm?/atom is the elastic constant for graphene
layer bending obtained by density functional theory based calcula-
tions [52], A = 0.3354 nm is the distance between graphite layers,
S, = 3\/§a(2:c /4 =0.0262 nm? is the area per carbon atom in graphene,
acc =0.142 nm is the distance between carbon atoms, L, is the total
length of the adjacent layers overlap for the nanoscroll cross-section,
L(@in> Pout) is the length of the Archimedean spiral with the inner an-
gle @;, =27 Ry, /h and the outer angle ¢, = 27 R, /h, where R;, and
R, are the inner and outer radii of the nanoscroll, respectively (see
Fig. 1c);

[L(q’m’ q’out 2”) + L(q’in + 2”a q’out)]’

Pout
/ %\/1+(p2d(p=
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The nanoscroll is in the ground state for the state Off of the memory
cell. Note that the ground state internal structure of the nanoscroll is
uniquely determined by the single geometrical parameter [52]. That is
the inner radius R;;, the size L of the rectangular graphene layer, the
total length L, of the adjacent layers overlap, and the number of layers
of the nanoscroll at the state Off of the memory cell are determined by

L(¢in’ q’out) =

101

Current Applied Physics 71 (2025) 99-105
the outer radius Ry of the nanoscroll at the state Off. We use here
the outer radius Rgg as a convenient parameter that determines the
operational characteristics of the memory cell, since this radius can be
easily measured before memory cell fabrication.

Diverse experimental studies give the following data for the inter-
layer interaction energy ¢ in graphite: —52 + 5 meV/atom [53], —43 +
5 meV/atom [54], —35 f}g meV/atom [55] and —31 + 2 meV/atom
[56]. We use the average value £ = —35 meV/atom with correction
corresponding to interaction between incommensurate graphene layers,
that is the only case possible for stacking of adjacent layers of a carbon
nanoscroll, see details in Ref. [52]. Note that the scatter of the values of
the interlayer interaction energy in diverse experiments determines the
accuracy of our calculations of operational characteristics of the nano-
scroll based memory cell to be about 50%, that allows to use below a
rather crude model for the memory cell geometry and energy which dis-
regards edge effects.

When a voltage U is applied between electrodes 1 and 2 the nano-
scroll and the plane of electrode 2 acquire charges Q of the opposite
sign and equal in magnitude. The electrostatic energy of the “nanoscroll
+ plane of electrode 2” system [57] is

Q> 1 2
2o~ 2 G @
where C is the memory cell capacitance, i.e., the capacitance of the
“nanoscroll + plane of electrode” system.

The capacitance C,; of the “nanoscroll + plane” system is calcu-
lated as the capacitance of the system consisting of an infinite plane
and an infinite cylinder of radius R, the axis of which is parallel to
the plane, coincides with the axis of nanoscroll and located at a distance
R, + d from the plane [58]

Ec=-

2 EgWoy

In[(Ryy; +d + V/2Roed +d2)/ Ryl

where g is the electric constant, w,, is the length of the overlap be-
tween the nanoscroll and electrode 2 (the cross-section of the cylinder
is shown in Fig. 1c by the dashed line). Eq. (5) is adequate if R, < wy,.
The carbon nanoscrolls produced by various methods have high aspect
ratio, R,,, < w [36-41,43-49]. Thus the condition R, « w,, can be
easily fulfilled. The analogous macroscopic approach to calculate the
electrostatic energy is widely used at calculation of operational char-
acteristics of NEMSs based on carbon nanotubes [5,14-18,20] and a
graphene membrane [28]. Such a macroscopic approach is also con-
sistent with the above-mentioned accuracy of calculations within the
framework of our model of the memory cell.

©)

4. Calculated characteristics of memory cell
4.1. Sizes of archival memory cell

The length L, of the adjacent layers overlap decreases at unrolling
of the nanoscroll under the action of the electrostatic force which oc-
curs with increase of the outer radius R,,,. Evidently that there is some
critical value R, of the outer radius where the length L, of the over-
lap becomes zero that is the nanoscroll does not exist for Ry, > R..
This means that for the memory cell with the distance dog between the
nanoscroll surface and the electrode 2 in the Off state which is greater
than d, = R, — Rog +d,), where dj, is the equilibrium distance of van der
Waals interaction between the nanoscroll and electrode 2, the nanoscroll
does not exist in the On state and becomes a bent graphene layer which
cannot roll up back into the nanoscroll, that is the Off state becomes
impossible. The memory cells with values of the distance dqg > d, are
proposed above for usage in an archival memory. The memory cell in
the On state with the distance dog = d, corresponding to the critical
value R, of the outer radius is shown in Fig. 2b.

The maximum possible distance dq¢ for the archival memory cell
cannot achieve the length L of the graphene layer which arises after full
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Fig. 2. (a)-(c) Cross-sections of the nanoscroll based memory cells with two elec-
trodes in the On state with the same outer radius Ry = 2.5 nm of the nanoscroll
in the Off state and the different distances dqg = 1.68 nm (a), dog =4.11 nm (b),
and dog = 22.73 nm (c) from the nanoscroll to the plane of electrode 2 in the
Off state. (d) Diagram of the sizes of the memory cell in the Off state, R and
dog, where the memory cell can be used in an archival memory (filled with light
yellow color) and operation of the memory cell is not possible (filled with light
blue color). The sizes corresponding to the memory cells shown in panels (a),
(b) and (c) are labeled by open red circles. (For interpretation of the colors in
the figure, the reader is referred to the web version of this article.)

unrolling of the nanoscroll since a good contact between this graphene
layer and the electrode 2 is necessary in the On state. A good contact is
possible in a case where the ground state structure of the graphene layer
in the On state includes a some part which is parallel to the surface of
the second electrode due to van der Waals attraction. However for the
distances dog that are somewhat less than the length L the graphene
layer can attach the second electrode only by the edge. The minimum
elastic bending energy of the graphene layer with parallel edges corre-
sponds to the shape which is a part of a cylinder. Such a shape is possible
with decreasing the distances dqg at the fixed length L until the radius
of this cylinder is greater than Rqg + dog. With further decreasing the
distance dog one part of the graphene layer has a shape which is close
to a quarter of a cylinder with radius Rqg + dog and other is attracted to
the surface of the second electrode providing a good contact. Thus we
roughly estimate the maximum possible distance dgg as corresponding
to the case where the bent graphene layer forms a quarter of a cylinder,
see Fig. 2c. Note that accurate estimations with account of the energy of
van der Waals interaction between the graphene layer and the second
electrode should give a somewhat greater value of the maximum possi-
ble distance dqg. The calculated sizes of the memory cell in the Off state
(Rog and dog) which corresponds to usage in an archival memory are
shown in Fig. 2d.

4.2. Switching voltage

To calculate the switching voltage from the Off state to the On state
let us first consider what occurs with an increase of the voltage U ap-
plied between the electrodes 1 and 2. The dependences of the total
energy E of the memory cell on the nanoscroll outer radius R, cal-
culated by Eq. (1) for the different voltages U are shown in Fig. 1d.
When a small voltage U is applied, the nanoscroll is attracted to the
electrode 2 by the electrostatic force with slight unrolling of the nano-
scroll so that position of the first minimum in the dependence E(R,,;) is
shifted from the value Rqg in the Off state corresponding to the ground
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state of the nanoscroll (shown by point A in Fig. 1d) to greater value and
the barrier between the Off and On states of the memory cell somewhat
decreases due to contribution of the electrostatic energy. With further
increase of the voltage U the barrier between the Off and On states dis-
appears, therefore the Off state corresponding to the rolled nanoscroll
becomes unstable and the nanoscroll is attached to the electrode 2 with
abrupt partial or full unrolling so that the switching of the memory cell
to the conducting On state takes place. The voltage U where this bar-
rier disappears is the switching voltage Uy, of the memory cell. The
disappearance of the barrier between Off and On states means that the
first minimum and the maximum in the dependence E(R,,;) coincide
at some value R, of the nanoscroll outer radius, R, = Ry, (shown
by point B in Fig. 1d). It is easy to show that the switching voltage is
the same for the memory cells with the same ratio w,, /w of the over-
lap length between the electrode 2 and the nanoscroll to the nanoscroll
length. The switching voltage Uy, is calculated here by analysis of the
numerical solution of equation

dE(Ryy)
dRout

where F, and F, are functions of two memory cell sizes in the Off state:
the initial distance dgg between the nanoscroll and the electrode 2 and
the ground state outer radius Rog of the nanoscroll.

Let us show that the contribution of the energy Ey,, of van der
Waals interaction between the nanoscroll and the surface of electrode
2 into the energetics of the memory cell which determined the switch-
ing voltage is negligible due to the following reason. This energy Ey,,
contributes to the determination of the switching voltage Uy, at the
switching distance d,, between outer surface of the nanoscroll and the
plane of electrode 2 where the minimum in the dependence E(R,,)
disappears and the Off state of the memory cell becomes unstable at
applying of the switching voltage Uy, (the distance d,,, corresponds to
the nanoscroll outer radius Ry, shown by point B in Fig. 1d). First,
according to random phase approximation-based calculations the equi-
librium distances between the graphene layer and surfaces of various
metals dy < 0.4 nm whereas the interaction energy per one atom of
graphene corresponds to the range 50-90 meV/atom [59] that is close
to interlayer interaction energy of graphite as it is discussed above. Si-
multaneously the area of possible contact between the nanoscroll and
the surface of the second electrode is considerably less than the area of
layer overlap within the nanoscroll at the switching distance dg,. Sec-
ond, energy of van der Waals interaction steeply decreases with increase
of distance. Namely, this energy is proportional to (ry/r)® for atom-atom
interaction, where r and r, are the interatomic distance and equilibrium
interatomic distance, respectively, that is the energy is proportional to
(dy/d,)* for atom-surface interaction, where d, is the distance between
an atom and a surface. We consider here the operation of the mem-
ory cell for the sizes in the Off state (Rgg and dgg) where the distance
dg,, is at least several times greater than the equilibrium distance d;, be-
tween the nanoscroll and the surface of electrode 2 in the On state. In
this case the condition (d,/ da)4 <« 1 is fulfilled that is the energy of van
der Waals interaction between the nanoscroll and the surface of elec-
trode is considerably less than the energy of van der Waals interaction
between layers within the nanoscroll Ey, and therefore can be disre-
garded. Note that for the memory cell sizes in the Off state, Rog = 2.5 nm
and dyg = 1.68 nm, shown in Fig. 1c the switching distance dg,, = 1.4 nm
is several times greater than the equilibrium distance d < 0.4 nm and
(do/d,)* ~0.007 < 1.

The minimum outer radius of the obtained nanoscrolls is about 5 nm
[36] whereas the nanoscrolls with the outer radius of about 10 nm are
fabricated by various methods [41-43,49]. Since it is important for a
memory cell to has a minimum size (that correlates with a small switch-
ing time and a low switching voltage) we do not consider memory cells
with great sizes of parts and do not determine the upper limit of the
switching voltage. The calculated dependences of the switching voltage
U, on the outer radius Ryg of the nanoscroll in the Off state of the

w,
= Fi(Ryy) + f U2, Fy(Ryy) =0, ©)
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Fig. 3. Dependence of the switching voltage Uy, on the sizes of the parts of the nanoscroll-based memory cells with two electrodes: (a) on the outer radius Ry of
the nanoscroll in the Off state for the different distances dog = 1,3, 10,30, and 100 nm between the nanoscroll and the electrode 2 in the Off state and the ratio of
the overlap length between the electrode 2 and the nanoscroll to the nanoscroll length w,, /w = 1, (b) on the ratio w,,/w for the memory cells with the following
sizes in the Off state: Rog =3 nm, dog =3 nm (line 1), Rog = 10 nm, dpg = 10 nm (line 2), Ryg = 10 nm, dpg = 30 nm (line 3).

memory cell with the ratio w,,/w =1 and the different distances dgg
between the nanoscroll and the electrode 2 in the Off state are shown in
Fig. 3a. The switching voltage only slightly depends on the outer radius
R of the nanoscroll and is determined mainly by the distance dqg. For
ease of operation of an electromechanical memory cell a sufficiently low
switching voltage is necessary. Since it is hardly possible to fabricate the
memory cell with the distance dgg less than 1 nm, the lower limit of the
switching voltage Uy, is estimated to be about 5 V. The switching volt-
ages of the implemented nanotube-based memory cells fall within the
range 5-100 V [2-5,7]. Note that the weak dependence of the switching
voltage Uy, on the outer radius Rog means that there is no necessity to
separate nanoscrolls with the narrow range of the radii for batch fabrica-
tion of the memory cells with the close values of the switching voltage.

4.3. Memory cell with three electrodes

The calculated characteristics of the memory cell with two electrodes
are applicable for the memory cell with three electrodes taking into ac-
count the differences between the schemes of these memory cells (see
Figs. 1a and 1b). At the calculations of the memory cell sizes correspond-
ing to archival memory (see Fig. 2) the distance dgg is the distance
from the nanoscroll to the plane of electrode 2 in the Off state both
for the memory cells with two and three electrodes. However at the
calculations of the switching voltage the distance dgg for the mem-
ory cell with three electrodes is the distance from the nanoscroll to the
plane of gate electrode 3 in the Off state. The length w,, for the mem-
ory cell with three electrodes is the length of the overlap between the
nanoscroll and the electrode 3. It is evident from Eq. (6) that for the
memory cell with the different fixed sizes Rog and dgg the switching
voltage Uy, depends on the ratio w,,/w of the overlap length between
the electrode and the nanoscroll to the nanoscroll length as follows:
Ugy(Woy /W) = Ug, (1) /y/wy, /w, where Ug,(1) is the switching volt-
age for the memory cell with w,,/w = 1. The calculated dependences
U (W, /w) for several memory cells with the fixed sizes Rog and dgg
are shown in Fig. 3b.

Let us estimate the lower limit of the switching voltage Uy, for the
memory cell with three electrodes. There are two differences in schemes
of the memory cell with two and three electrodes which both lead to
increase of this lower limit. First, the minimal possible distance d, be-
tween outer surface of the nanoscroll and the plane of electrode 2 (see
Fig. 1b) for the memory cell with three electrodes is hardly to be less
than 1 nm (similar to the two-electrode cell estimate). To prevent a
contact in the On state between outer surface of the nanoscroll and the
plane of gate electrode 3 the distance dgg should exceed the distance
d, at least by 1-2 nm. Second, it is evident that for the memory cell
with three electrodes the ratio w,, /w cannot range up to the maximum
value equal to 1 as it can take place for the memory cell with two elec-
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trodes. For the distance dgg =3 nm and w,,/w = 0.7 the lower limit of
the switching voltage Uy, is estimated to be about 15 V.

5. Conclusions

The schemes and operational principles of the memory cells with
two and three electrodes based on unrolling of carbon nanoscroll by the
electrostatic force caused by the applied voltage are proposed. The anal-
ysis of the energetics of the memory cell operation is used to calculate
the switching voltage of between the nonconducting Off and conducting
On states as a function of sizes of the memory cell parts: the nanoscroll
outer radius, the distance between the nanoscroll and the electrode in
the state Off, and the ratio of the overlap length between the electrode
and the nanoscroll to the nanoscroll length along its axis. The lower limit
of the switching voltage is estimated to be about 5 and 15 V for the mem-
ory cells with two electrodes and the third gate electrode, respectively,
that is convenient for the usage. Moreover the switching voltage only
slightly depends on the outer radius of the nanoscroll. Therefore batch
fabrication of the nanoscroll-based memory cells with close values of
the switching voltage is possible without preliminary separation of the
nanoscroll with the certain radii from a nanoscroll mixture. If a full un-
rolling of the nanoscroll occurs in the On state, the reverse rolling of the
nanoscroll and therefore existence of the Off state becomes impossible.
We propose that such memory cells can be used in an archival mem-
ory. The possible sizes of the memory cells for the archival memory are
calculated.

Let us also compare the proposed carbon nanoscroll-based memory
cell with the carbon nanotube-based [1-5,7,14-21] and graphene-based
[8,24,28] memory cells. The important characteristics of an electrome-
chanical memory cell are the space occupied by the memory cell and
the switching time. First, memory cells based on 1D carbon nanoob-
jects (nanotubes and nanoscrolls) can occupy less space than memory
cells based on 2D graphene. Second, the switching time of an electrome-
chanical memory cell is determined by damping of vibration of movable
parts after the switching to the On state since such vibrations prevent
identification of the On state [16,18]. Thus low Q-factor is desirable for
vibration of the memory cell movable parts. High Q-factor has been ob-
served for bending vibrations of a carbon nanotube, Q ~ 40-500 [60,61]
and for relative telescopic axial oscillations of carbon nanotube walls,
Q ~ 100-1000, see, e.g., Ref. [62] and references therein. However tele-
scopic oscillations of a graphene flake on a graphene layer have very low
Q-factor, Q ~ 1-10, related with flexural vibrations of the flake [63].
During the unrolling of the carbon nanoscroll flexural vibrations at the
rim area near the inner and outer nanoscroll edges are also possible.
Therefore we believe that unrolling-rolling vibrations of the nanoscroll
which can arise at the switching of the nanoscroll-based memory cell to
the On state have low Q-factor and this memory cell has small switch-
ing time of the same order of magnitude as unrolling/rolling time of the
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nanoscroll. The molecular dynamics simulations give the rolling time in
the range 0.04-2 ns [64-67] for the small nanoscrolls consisting of 2-5
layers (that is less number of layers than in the produced nanoscrolls).
Taking into account that the rolling time increases with the increase of
the number of layers in the nanoscroll (or the outer radius) and Q-factor
Q ~ 1-10 the switching time can be estimated in the range 0.1-100 ns
depending on the sizes of the memory cell parts. Thus the proposed
carbon nanoscroll-based memory cell combines advantages of carbon
nanotube-based and graphene-based memory cells and has both a small
occupied space and a small switching time.
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