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Abstract
Carbon nanoscrolls (CNS) with their open ended morphology have recently attracted interest
due to the potential application in gas capture, biosensors and interconnects. However, CNS
currently suffer from the same issue that have hindered widespread integration of CNTs in
sensors and devices: formation is done ex situ, and the tubes have to be placed with precision
and reliability—a difficult task with low yield. Here, we demonstrate controlled in situ
formation of electrically contacted CNS from suspended graphene nanoribbons with slight
tensile stress. Formation probability depends on the length to width aspect ratio. Van der
Waals interaction between the overlapping layers fixes the nanoscroll once formed. The
stability of these CNSs is investigated by helium nano ion beam assisted in situ cutting. The
loose stubs remain rolled and mostly suspended unless subject to a moderate helium dose
corresponding to a damage rate of 4%–20%. One CNS stub remaining perfectly straight even
after touching the SiO2 substrate allows estimation of the bending moment due to van der
Waals force between the CNS and the substrate. The bending moment of 5400 eV is
comparable to previous theoretical studies. The cut CNSs show long-term stability when not
touching the substrate.

Supplementary material for this article is available online

Keywords: carbon nanoscroll, helium ion microscopy, van der Waals, in situ formation,
suspended graphene

(Some figures may appear in colour only in the online journal)

1. Introduction

With the large advances in the field of monolayer graphene
research [1], a renewed interest is observed for CNSs, as
well. A CNS, which was first reported more than half a
century ago [2], is a monolayer graphene rolled into a
spiral-like structure with an open ended morphology [3].
They are thus fundamentally different from multi-walled

CNTs, where the individual layers are forming perfect
tubes. Due to their structure, they have a higher current
carrying capability than CNTs with comparable diameter
(up to 5×107 A cm−2) as the inner layers contribute
equally [4]. Furthermore, use of CNS in storage applica-
tions (gas or organic pollutants) [5–8], high-performance
batteries or capacitors [9, 10], and oscillators has been
proposed [11]. Additionally, biosensing and bioapplications
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have been discussed as the interlayer spacing and surface
properties can be tuned [12–15], and superlubricity was
demonstrated recently [16].

The formation of CNS has been discussed in great detail
theoretically. In particular, Braga et al showed through
molecular dynamics simulation that a considerable amount of
bending energy is initially required to allow the open ends of
a graphene sheets to touch, however, the van der Waals
interaction of the ends upon CNS formation results in a net
gain, explaining the stability of the CNSs [17]. This energy
gain is consistent with other reports [18–20]. Experimentally,
it has been observed that edges of free-standing graphene tend
to roll [21], which was used to increase the resonance fre-
quency of mechanical resonators [22]. Currently, CNS suffer
from a similar limitation as CNTs, namely, that they are
obtained randomly distributed in a solution [8, 10, 13, 23–26],
and have to be transferred to a target substrate. Dielec-
trophoresis to align such dispersed one-dimensional carbon
allotropes to structures has been demonstrated [27], but did
not see its way into widespread commercial application. CNS
synthesized by chemical vapor deposition (CVD) suffer from
the same drawback [28]. Finally, the in situ rolling of exfo-
liated graphene on a substrate [4], that is theoretically rever-
sible and could be exploited for the use of an in-plane actuator
[29], appears to be the most controllable method so far.
However, it still relies on the exfoliation process that is
inherently random, and contact electrodes have to be fabri-
cated after the formation, risking that the CNS shifts or
degrades.

Here, we report a well-controlled approach to form
electrically contacted, suspended CNS by exploiting the
spontaneous edge rolling of suspended GNRs with large
length to width aspect ratio (AR). A schematic illustration of
such a CNS, as well as scanning electron micrographs of a
GNR (small AR) and CNS (large AR), respectively, are
shown in figure 1. The dependence of the AR on the CNS
formation probability is reported. We furthermore investigate
the stability of the CNSs by cutting them with a focused
helium ion beam and observing the shape change following
the cut. This shows that the CNSs have a significant stability,
and a minimum bending moment stability of 5400 eV is
estimated.

2. Methods

The fabrication process of the suspended graphene structures is
schematically depicted in figure 2. Starting with commercial
monolayer CVD grown graphene on 290 nm of SiO2 on silicon
(Graphene Platform), contact electrodes are deposited in a two-
step process (compare figure 2(a)). First, large anchor electrodes
are defined in MMA/PMMA copolymer resist by electron-
beam lithography (EBL). After development and before elec-
tron-beam evaporation of Cr/Au (5/95 nm), the CVD graphene
is removed in the exposed areas by a reactive ion etching (RIE)
step (20W RF power, 10 section, 4 Pa, 10 sccm O2). Lift-off is
performed in Acetone. Then, electrodes that establish the
mechanical and electrical link between the anchor electrodes
and graphene are pattern by EBL and lift-off (5/95 nm Cr/Au),
however, no RIE etch is performed. This two-step process is
required for two reasons: (i) the adhesion of the CVD graphene
on the SiO2 is relatively weak and peeling of electrodes could
easily occur if the electrodes would not have direct contact to
the substrate and (ii) hydrofluoric acid (HF) is channeled along
the SiO2/Graphene/Au interface and excessive underetching
during release can compromise the mechanical integrity. Next,
high-resolution negative tone resist hydrogen silsesquioxane
(HSQ) is used to pattern the dry etch mask. HSQ is converted to
SiO2 during exposure, and is later readily removed during the
buffered hydrofluoric acid (BHF) release. As depicted in
figure 2(b), The GNRs are formed by RIE, removing the
exposed CVD graphene. The sample is then immersed into
BHF (1min for short devices and 3min for long devices), thus

Figure 1. (a) Artistic depiction of CNS formed between two gold electrodes. (b) SEM micrographs of GNR with aspect ratio of less than 10
(no rolling occurs) and (c) CNS spontaneously formed from GNR with aspect ratio larger than 10.

Figure 2. Schematic fabrication process of suspended GNR: (a) two-
step electrode deposition followed by HSQ etch mask patterning.
(b) The suspended GNR is obtained by RIE etching and buffered HF
release.
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etching 100–300 nm of SiO2 and suspending the GNRs.
Finally, the sample is dried in a critical point drier to avoid
failure of the GNRs due to stiction.

Electrical measurements are performed in a Systembrain
vacuum prober with base pressure of ∼10−3 Pa. A Keithley
4200SCS Semiconductor Characterization System is used for
the Id/Vd measurements.

3. Results

The CNS are observed shortly after fabrication (see Methods
section) by scanning electron microscopy (SEM, Hitachi
S-4500). From the obtained micrographs, the devices are
categorized as non-rolled, rolled or collapsed as shown in
figure 3. In total 128 devices were fabricated with lengths
between 100 and 2000 nm. The total suspension yield is 58%.
For 100 nm long devices, the resolution limit of the litho-
graphic process for the second electrode was the main pro-
blem (shorted electrodes), while 2 μm long devices are more
likely to break due to handling. Device with length of 500 nm
had a yield of 94%. As the actual width and length of devices
can deviate from the design dimensions due to the fabrication
tolerances, these dimensions are accurately extracted from
the SEM images for further evaluation. The width close to the
anchor points is used. Electrical Id/Vd measurements of the
non-collapsed devices show ohmic behavior without any
noticeable difference due to rolling. The maximum break-
down current density of the CNS was found to be in the range
of 2×106 A cm−2, with very similar breakdown currents for
GNRs. Although this value is lower than previously reported
[4], the CNSs measured in this work are suspended (in
vacuum), and thus have a greatly reduced heat dissipation to
the environment. The negligible difference between GNRs
and CNSs is believed to be due to the low number of circles N
(between ∼1.0 and ∼2.0) as will be shown later.

4. Discussion

4.1. CNS formation control

The accumulated rolling probability of the GNRs as function
of length to width AR is plotted in figure 4(a). For AR below

9.8, none of the devices rolled. The data is modeled by the
Weibull distribution (red curve in figure 4(a)), with a mean
AR of 11.6 and a Weibull modulus m of 16.6. This means that
GNRs with higher AR are more likely to form a CNS than
those with a low AR. At the anchor point, the graphene is
clamped to the electrodes and thus forced open. Further away
from the anchor points, however, this effect is gradually
reduced with increasing AR. The spontaneous edge rolling at
the center can thus cause the two opposing edges to touch and
overlap, and initiate the CNS formation. Once the CNS is
formed, the net energy gain due to vdW force maintains the
CNS. This was confirmed by observation of the devices by
SEM more than 24 h after the first observation, without any
change in the shape. It is important to note that for all CNSs
the distance between the anchor point and the starts of the
CNS is between 150 and 300 nm, and they roll over almost
the whole length (compare figure 3). However, a 600 nm long
GNR would have an AR of 6 or less (considering 100 nm
width), and thus should not form a CNS. We can thus
understand that, once the CNS is formed at the center of the
high AR GNRs, the energy gain from the CNS formation is
able to partially overcome the momentum of the anchor points
and the CNS extends close to the anchor points.

The number of turns of a CNS can be calculated by
N=w/(2πr), where w is the width of the GNR at the anchor
point and r is the radius at the thinnest part of the CNS. The
number of turns of all CNS is shown as function of AR in
figure 4(b). N is between 1 (the open ends are touching) and 2
(double walled) for all except three CNS. The large errors in
figure 4(b) is due to the fact that the width in the rolled region
was not measured, and is therefore estimated from the width
at the anchors. The limited N suggests that once a GNR edge
starts to spontaneously roll, it does so until it meets the
opposite edge and is terminated by the vdW force between the
parallel layers. Once this interaction occurs, the vdW attrac-
tion is stronger than the rolling momentum, and the tube
diameter cannot further decrease. The random distribution of
minimum diameter is explained by the fact that one of the
edges can fold more quickly than the other. This supports the
observation that the number of circles N is between 1 and 2.
To achieve N>2, one edge would have to roll quickly with a
diameter small enough that multiple turns are realized before
being terminated by the opposite edge. Furthermore, such a
rolling mechanism would likely result in two parallel scrolls

Figure 3. SEM micrographs showing top view of non-rolled, rolled and collapsed devices with different lengths. Suspended GRNs with low
length to width AR remain unrolled, while high aspect ratio leads to spontaneous rolling. Collapse due to handling or during fabrication is
observed as well.
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[9], however, such structure was not observed in any of the
high-resolution images.

To verify these findings we fabricated additional GNRs
in the same manner but with a length of 9.6 μm and varying
width. Figure 5 shows the SEM micrographs of a CNS
formed from a 400 nm wide GNR and a 1 μm wide GNR,
respectively. Due to the large AR of >17 for the device in
figure 5(a) (the graphene is partially torn near the left anchor),
CNS formation is observed. In case of the 1 μm wide GNR,
up-rolling of the edges (narrowing of the center region in
figure 5(b)) is observed, however, the edges are not able to
connect due to the low AR of ∼9.5 and the organic con-
tamination that is present in these devices.

4.2. Mechanical stability of rolled GNRs

The produced CNSs are very stable even for the high AR of
more than 25 (L≈2 μm). No special handling precautions are

required, and the CNSs neither unrolled nor collapsed while
being handled. Nevertheless, the actual stability that is caused
by the vdW interaction has, to our best knowledge, not yet
been reported experimentally. Here, to sample the inner forces
of the suspended CNSs and the bending moments at the anchor
points, helium ion beam milling (HIBM) in a focused helium
ion beam system (Zeiss Orion Plus) is used. The 30 keV He+

ions are focused to a sub-1 nm spot and can be used to image
(ion induced secondary electron generation) or modify (milling
due to energetic collision between He and C atoms) a target
sample [30]. First, the sample is annealed in an H2:Ar atmos-
phere at 275 °C twice for 2 h after SEM observation, but before
the milling. The purpose of the annealing is to remove
hydrocarbon contamination and increase the milling resolution
and avoid re-deposition of sputtered hydrocarbon. Figure 6 (top
row) shows three CNS devices with L≈2 μm imaged by
helium ions at an oblique angle of 45°. All devices are rolling
to the top and are perfectly straight, which means that they
have tensile stress. Next, we used the focused helium beam to
cut these devices in the middle (see inset of figure 6(a)), and
the devices after cutting are shown in the bottom row. Addi-
tional images that show the before and after status blended by
image processing are shown as well to visualize the shape
change of the CNSs due to the milling.

Here, a helium milling dose of 5×1018 ions cm−2 is
used for each of the cuts, which corresponds to a total of
∼1.8×107 ions distributed over a width of few nm across
the CNS. For planar suspended graphene, the required dose to
cut straight slots is typically ∼2.5×1018 ions cm−2 [31]. By
considering a ∼10 nm wide and 100 nm long cut in planar
graphene with 2.5×1018 ions cm−2 (as would be required to
cut a non-rolled GNR), a total ion count of ∼2.5×107 ions
is calculated. This is only slightly above the value we required
to cut the CNS in this work. In fact, for the device in
figure 6(a), the graphene could only be cut at the third time,
with the two previous failed HIBM cuts with a dose of
1×1018 ions cm−2 (corresponding to 3.6×106 ions) being
slightly to the left of the final cut. The CNS in figure 6(b) had
to be exposed twice (in the same location), as well. This
shows that the dose of 5×1018 ions cm−2 is close the
required minimum. The effect of those failed exposures is
visible in figures 6(a) and (b) on the SiO2.

Figure 4. Dependence of length to width aspect ratio on rolling probability and number of turns. (a) Weibull distribution of spontaneously
rolled GNRs as function of their length to width AR. GNRs with AR of 9 and below do not roll. (b) Number of turns, N, (see inset) of CNSs.
N does not show any dependence on the aspect ratio.

Figure 5. SEM micrographs of 9.6 μm long CNS and GNR. (a) CNS
formed from 400 nm wide GNR (AR>17). (b)+(c) Edges of
1 μm wide GNR (AR≈10) are rolling but CNS is unable to form
due to electrode clamping and organic contamination.
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After the milling and the successful separation of the CNSs,
different behaviors are observed for the three devices in figure 6.
In case of the device in figure 6(a), the right stub remains
unchanged, while the left side bends up and unrolls. The faint
dark line close to the unrolled edge (dashed arrow) is caused by
the previous unsuccessful milling attempts. The two stubs for the
device in figure 6(b) remain rolled, and only slight up-bending
of the right stub is noted. Finally, the left stub of the device in
figure 6(c) bends down and touches the substrate, while the right
side remains unchanged. Both stubs remain rolled. Note that the
time between the cutting and final image was at least 10 s, and
the bottom row of images in figure 6 represent stable condition.

From these results, unique insight about the mechanical
stability of CNS is accessible. Firstly, the rolling is very
stable. Out of the six stubs, only one unrolled after cutting.
Coincidentally, this is the same stub that had been exposed to
a relatively high dose of helium ions. Note that the device in
figure 6(b) was also exposed twice, even with higher total
dose, however, the second cut is in the exact same location as
the first one (only one line visible in the SiO2 background in
figure 6(b)). Thus, the previously amorphized graphene has
been milled away completely during the second cut. For the
device in figure 6(a) it is believed that the partial amorphi-
zation, causing stress and affecting the vdW force, is
responsible for this unrolling. When acquiring secondary
electron images in the HIM, exposure of the whole device by
ions is unavoidable. Therefore, imaging doses are always
reduced as much as possible during operation. During the
milling operation in this work, an accumulated imaging dose
of ∼5×1014 ion cm−2 was used. This is less than 0.1% of
the milling dose and results in a defect density of ∼0.1%.
Compared to this value, the failed milling slightly left of the
final cut results in a defect density of ∼4%–20% (by con-
sidering a sputter yield of 0.01 and a carbon atom density of
38.2 atoms nm−2 in graphene) [32]. The other striking
observation is that some of the ∼1000 nm long CNS stubs

remain horizontally aligned and do not collapse. The as-fab-
ricated devices had some induced tensile stress (otherwise the
GNRs would be buckling). The thermal annealing described
before likely relaxed this stress and the anchor points do not
exert any bending moment on the CNSs.

Finally, one of the CNS stubs bent down and touched the
SiO2 substrate following the HIM cut (left stub in figure 6(c)).
The CNS remains perfectly straight even after contact and
does not fold as observed for the non-rolled but collapsed
graphene (compare figure 3). Such structure is unique and can
be used to get an insight into the inner forces of the CNS that
are difficult to measure otherwise. The CNS stub is slanted at
an angle of θ=5.7° (L=1000 nm, height difference
between substrate and anchor point is 100 nm) and has a
diameter D of ∼20 nm as obtained from the HIM image. Such
a structure can be understood as a doubly clamped bar that
experiences van der Waals force due to the close vicinity to
the substrate. To estimate the bending moment the CNS
experiences, a model as shown in figure 7 is considered. We

Figure 6. Investigation of stability of CNSs with large aspect ratios by in situ helium ion beam milling. The devices (2 μm length) are cut at
the center with a dose of 5×1018 ion cm−2 milling dose. Top row shows the pre-cut structure and bottom row the post-cut structure. Middle
row shows the blending of the two images by image processing to visualize the difference. (a) The left stub unrolls after milling due to
previous failed milling attempts, while the right stub remains unchanged, demonstrating the stability of the CNS. (b) Both stubs remain
straight after the milling. (c) The left stub touches the SiO2 substrate but remains straight. Magnification is identical for all images.

Figure 7. Model of slanted CNS touching SiO2 substrate (compare
left stub in figure 6(c) after cutting). By considering the contact
distance, dC, the CNS diameter, D, and the angle between the
substrate and the CNS, θ, the bending moment around the contact
point due to Van der Waals force of 5375 eV is estimated.
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assume a contact distance at the contact point, dc, of 0.4 nm.
The bending moment around the contact point due to the vdW
force between the substrate and an infinitesimally short
section of the slanted CNS can be calculated by

* *q= ( ) ( )M F d x rd d cos , 1vdW

where =( ) ( ) ( )F d A D d16vdW H
5 is the force per length

perpendicular to the substrate at d=dc+x
*sin θ, dx is the

infinitesimally short section of the CNS and r is the distance
along the CNS from the contact point. AH is the Hamacker
constant between graphite and SiO2, and D the diameter of the
CNS. The total bending moment around the contact point is
approximated by integrating the bending moment from the
contact point to the electrode at x=L. By replacing dx in
equation (1)with dd/sin θ, the bending moment integral becomes

*
* *ò òq q
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The left CNS stub shown in figure 6(c) thus is estimated to
sustain a bending moment M=1.09×10−16 Nm (AH=1.6×
10−19 J) around the contact point without bending or unrolling.
This value (5375 eV) is higher than the predicted 2800 eV onset
of buckling for 4-layer CNS [33], however, the used calculation
approach is understood to have limitations regarding the accurate
estimation of vdW forces [34].

4.3. Long-term stability of CNS

We have conducted additional SEM observation of the HIM cut
CNS more than 1 month after the HIM milling to investigate the
long-term stability. The left stub of the device in figure 6(a) is
found to remain pointing upwards and straight. Interestingly, the
unrolled stub after HIM was found to be rolled again (figures 8(a)
and (b)). In addition, the CNS appears to have necks in the

location of the unsuccessful HIM cuts. The defects in the gra-
phene might facilitate this smaller bending radius. The right stub
remained rolled and horizontally suspended. In the device shown
in figure 8(c) (compare figure 6(b)), both stubs are found to be
wavy but remain rolled and suspended. Finally, SEM images of
the device from figure 6(c) are shown in figures 8(d) and (e).
Although both stubs remain rolled, they are stuck to the substrate.
In case of the left stub, the contact point shifted towards the
electrode. Since this did not happen immediately after the HIM
cut, we suspect that external influences (humidity, gas flow
during loading/unloading from the SEM vacuum chamber,
mechanical shock or charging due to electron irradiation) have
either weakened the CNS stub or caused a pull-in that cannot be
recovered due to the increased vdW forces.

5. Conclusion

A controlled process to fabricate electrically contacted CNS is
presented. The ∼100 nm wide GNRs can spontaneously roll
after release when their length to width AR is above 10 and the
effect of the edge clamping is reduced. Stable CNS with up to
2 μm length and diameter below 32 nm are obtained. Once
formed, the CNS are found to propagate until close to the
clamping region. The CNS diameter is fixed by the vdW
interaction between the overlapping sides, and there is no cor-
relation between number of turns of the CNS and AR. The
formation process is reproduced in 9.6 μm long devices fabri-
cated on a different substrate. The strong vdW interaction retains
the rolled condition even after cutting by using a focused helium
ion beam. A moderately irradiated stub with 4%–20% of
damage in the end region unrolled following the milling, sug-
gesting that the amorphization created by the helium ions has
influence on the vdW forces and creates some stress. The
unrolling is found to be reversible. The bending moment on a
CNS that bent down and got in contact with the SiO2 substrate
following the milling is estimated as 1.09×10−16 Nm. The
reported fabrication opens new perspectives for CNS based
NEMS and electronic devices, as well as the ability to probe the
physical and mechanical properties of CNS.

Figure 8. Long-term stability of CNS investigated by scanning electron microscopy. (a)+(b) The device from figure 6(a) shows a recovery
of the CNS in the previously unrolled left stub. The up-bending of the left stub is visible for tilt angle Φ=50°. Location of HIM cuts is
visible. (c) Device from figure 6(b). Both stubs are deformed but not stuck to the substrate. (d)+(e) Device from figure 6(c). Both stubs are
stuck to the substrate, and the contact point of the left stub is shifted towards the metal electrode.
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