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ABSTRACT
The fabrication of nanohelices by the scrolling of strained bilayers is investigated. It is shown that structure design is dominated by edge
effects rather than bulk crystal properties such as the Young’s modulus when the dimensions of the structures are reduced below 400 nm.
SiGe/Si/Cr, SiGe/Si, and Si/Cr helical nanobelts are used as test structures. Dimensions of the belt width are reduced from 1.30 µm to 300 nm,
and parameters controlling helicity angle, chirality, diameter, and pitch of the nanohelices are investigated. An anomalous scrolling direction
deviating from the preferred 〈100〉 scrolling direction has been found for small structures. Making use of the anomalous scrolling, it is possible
to fabricate three-dimensional helices with helicity angles less than 45°, which is advantageous for micro- and nanoelectromechanical systems.

A variety of nanostructures such as nanotubes, nanowires,
and nanobelts have been extensively investigated in recent
years because of their potential applications in several
fields1-4 including sensors and actuators, nanoelectronics,
micro- and nano-electromechanical systems (MEMS and
NEMS), and optics. Among these structures, three-dimensional (3D) helices have potential applications for biosensors
and gas sensors, cantilevers, resonators, and micromechanical
components. Nanobelts and nanohelices have been synthesized from different materials, such as carbon,5 zinc oxide,6,7
and silicon carbide.8 Typically, the synthesis of these
structures relies on spontaneous formation processes leading to a variety of sizes, orientations, and shapes of the
structures.
Recently, the scrolling of strained semiconductor heterostructures has been applied to the fabrication of SiGe/Si and
SiGe/Si/Cr helical nanobelts with controllable pitch, helicity,
and diameter.9 The structures are formed by the stressrelieving coiling of patterned heterofilms.9-11 These freestanding helical structures produced from layered stacks, 2060 nm thick, and stripe widths of more than 1 µm have
proven to be robust and reproducible. The diameter of these
structures is determined by the thickness and the strain of
each of the individual films in the layer stack, whereas the
scrolling direction is dominated by the Young’s modulus,
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which is strongly anisotropic in the strained Si/SiGe films.
Thus, the coiling direction of SiGe/Si/Cr and SiGe/Si helical
coils that are fixed at one end to the Si(001) substrate is
along 〈100〉, the direction where Young’s modulus is
smallest. Previously we showed that for mesa lines oriented
away from the 〈100〉 direction, the helicity angle θ (see
Figure 1) of these helical nanobelts cannot be smaller than
45°.9 To use the helical nanobelts in nanoelectromagnets,
nanoinductors, or nanosprings, it would be desirable if the
helicity angle could be reduced sufficiently to allow for a
significant increase of the magnetic flux density12 or the
flexibility.
For some applications it is advantageous to add a metal
layer to the SiGe/Si bilayer. It has been shown that e-beam
evaporated Cr supports the scrolling process13 and will
increase the conductivity as well as the mechanical strength
of the structure. As previously mentioned, the scrolling
direction of SiGe/Si bilayer structures on a Si(001) surface
is determined by the orientation of the smallest Young’s
modulus.11 On the other hand, the amorphous (or polycrystalline) Cr layer has an isotropic Young’s modulus. To
analyze the scrolling direction of the SiGe/Si/Cr structure,
the trilayer system can be divided into two bilayer parts, i.e.,
SiGe/Si and Si/Cr. The final scrolling direction can then be
considered by combining these two components.

Figure 1. Schematic drawing of a helix formed by rolling-up of
a stripe. The definitions of diameter d, pitch p, and helicity angle
θ are presented in the figure where p ) πd tan θ. The crystal
orientation of the stripe is represented by [xyz], and [uVw] is defined
as the scrolling direction. This helix shows a right-handed chirality.

In this paper, the formation of nanohelical structures from
mesa lines less than 1 µm in width is investigated. Reducing
the mesa line width increases the impact of edge effects on
the scrolling process which may offer a path to overcome
the restrictions on structure geometry due to bulk effects that
occur from wide mesa lines. Therefore, this paper discusses
in detail the impact of edge effects on chirality, scrolling
direction, and diameter of SiGe/Si nanoscrolls as well as
SiGe/Si/Cr helical nanobelts.
The p-type SiGe/Si heterofilms were grown by ultrahigh
vacuum chemical vapor deposition (UHV-CVD) on Si(001).
The Cr layers were deposited by e-beam evaporation. The
initial planar trilayer structure contains an 11 nm thick SiGe
layer with approximately 40% Ge, an 8 nm thick Si layer,
and a 10 or 21 nm thick Cr layer. Details of the fabrication
of the SiGe/Si/Cr stripe pattern and subsequent underetching
using wet chemical etching have been described elsewhere.9
All stripes deviated by 5° or 10° from the 〈110〉 direction.
The widths of the stripes were varied from 1.30 to 0.30 µm
in steps of 100 nm. To fabricate the SiGe/Si stripe pattern,
the Cr layer was removed by a Cl2/CO2 plasma etching
process prior to wet etching. Subsequently the 3D structure
was formed by wet chemical etching in an alkaline solution
(3.7% NH4OH). The samples were dried in a supercritical
point dryer to greatly reduce adhesion to the substrate due
to capillary forces.14
To study the scrolling behavior of Si/Cr structures, stripes
of Si/Cr bilayers have been patterned into a “Siemensstern”
(wagon wheel pattern15) having a rotational symmetry. These
bilayers were deposited on a low-doped Si(100) substrate
and consisted of a 35 nm thick Si layer heavily doped with
boron and a 10 nm thick Cr top layer. After the mesa pattern
was formed, scrolling was initiated by etching the substrate
selectively in a 3.7% NH4OH solution at room temperature.
After fabrication, the helical structures were inspected by
field-emission scanning electron microscopy (FESEM, Zeiss
SUPRA 55VP) to determine structural parameters. The
definitions of the diameter d, pitch p, the chirality, and the
helicity angle θ of the helical nanobelts are illustrated in
1312

Figure 1. The geometrical relation between the pitch, the
diameter, and the helicity angle of a helical nanobelt is
described in ref 9.
Figure 2a-g shows scanning electron microscope (SEM)
images of SiGe/Si/Cr helical nanobelts fabricated from mesa
lines with the stripe width ranging from 1.3 µm (Figure 2a)
to 0.7 µm (Figure 2g). All mesa lines are oriented +10° from
the [110] direction as indicated in Figure 2a. Helical coils
produced from relatively wide stripes (1.30 and 1.20 µm)
show a right-handed chirality (Figure 2a,b), which is
consistent with results previously reported.9 In this paper this
type of helical coil is named an “R-helix”. Reducing the stripe
width to 1.1 and 1.0 µm, both left- and right-handed
chiralities occur in a single helix as depicted in parts c and
d of Figure 2, respectively. This type of slightly disordered
helical coil is named a “β-helix” throughout this paper. The
position along the coil in which the chirality of the helix
changes is near the free end of the coil in Figure 2c, whereas
the chirality changes close to the fixed end of the stripe for
the helix with a smaller width (see Figure 2d). Also, the shape
of the β-helix is often irregular, sometimes appearing
disordered due to the confluence of the two competing
chiralities. The width of the mesa lines is reduced to 0.9,
0.8, and 0.7 µm in parts e, f, and g of Figure 2, respectively.
The helices formed from 0.9 and 0.8 µm wide mesa lines
possess a left-handed chirality, the opposite chirality of those
formed from wider mesa lines of the same orientation. This
kind of helix is defined as a “γ-helix”. Thus, three different
regimes can be defined, broad mesa lines leading to righthanded helices, narrow lines resulting in left-handed helices,
and a transition regime with disordered helices exhibiting
both chiralities. A reverse orientation of mesa lines of -10°
leads to opposite chiralities.
Moreover, not only the chirality but also the pitch and
helicity angle change when the stripe width becomes smaller.
Comparing the two “γ-helices” shown in parts e and f of
Figure 2, one can clearly observe in Figure 2f that the pitch
and helical angle are smaller for the helix fabricated from
the narrow mesa line (0.9 µm). Moreover when the mesa
line is reduced to 0.7 µm, the helical structure collapses into
a multiturned ring structure, as depicted in Figure 2g. Here,
both the helicity angle and the pitch go to zero. Consequently,
by adjusting the stripe width for a given strained SiGe/Si/
Cr layer stack, it is possible to control the pitch of the helical
nanobelts. In particular, more tightly wound nanocoils can
be designed and fabricated.
In previous work it was shown that the Cr layer deposited
by e-beam evaporation is in tensile stress, thus enhancing
the scrolling process.13 To study the impact of the Cr layer,
SiGe/Si tubes were fabricated from the same sample using
the same mask layout. After the mesa structures were
fabricated, the Cr layer was removed by an RIE step, and
subsequently, scrolling was initiated by wet chemical etching
of the substrate. Interestingly, all of these stripes with a width
in the range of 0.7-1.3 µm transformed into R-type helices.
Figure 2h compares the result of a scrolling experiment using
0.7 µm wide mesa lines for a SiGe/Si/Cr layer stack and a
SiGe/Si bilayer (inset of Figure 2h). Here the misalignment
Nano Lett., Vol. 6, No. 7, 2006

Figure 2. SEM top view images of Si0.6Ge0.4/Si/Cr helical coils with layer thickness of 11/8/21 nm, except for the one in the inset of (h)
which is without a Cr layer. The 〈110〉 orientation on the substrate is shown in (a) by black arrows. In (a-g) all stripes deviate 10° from
the 〈110〉 direction, and the width of the stripes decreases stepwise from 1.30 to 0.70 µm with steps of 100 nm. Both nanobelts in (h)
deviate 5° from 〈110〉. All images have the same scale bar.

Figure 3. SEM image of 3D structures formed from a bilayer of
p-type crystalline Si coated by amorphous Cr. The “ringlike”
structure is formed after selective etching of the undoped Si
substrate underneath.

angle was +5°. Strikingly, the SiGe/Si/Cr layers scroll into
a multiwalled ring, whereas the SiGe/Si bilayer forms a righthanded helix. Therefore, to further reveal the effect of stripe
width on the forming of SiGe/Si/Cr helical nanobelts, it is
necessary to investigate the influence of the Cr layer on the
scrolling process.
To investigate the impact of the Cr separately, stripes of
Si/Cr bilayers were prepared. Here the tensile strain of the
Cr layer will initiate the scrolling process. For mesa lines
oriented along the [110] orientation, a transition from the
〈100〉 scrolling direction forms helices in the 〈110〉 scrolling
direction, which forms rings. This was also observed in Si/
Cr bilayers when the mesa stripe width was reduced from 3
to 0.5 µm.16 Here, wagon wheel patterns were investigated
consisting of tapered mesa lines with a width of 1.4 µm in
the outermost region and 60 nm close to the center of the
wheel. Figure 3 shows an SEM image of the rolled-up Si/
Cr stripes obtained from the wagon wheel pattern. Clearly,
without exception all these stripes are coiled in the direction
along the longitudinal axis of stripe. Comparing the experiments done with SiGe/Si/Cr, SiGe/Si and Si/Cr indicates that
the Cr layer is responsible for the change in pitch observed
in Figure 2. The strained polycrystalline or amorphous Cr
Nano Lett., Vol. 6, No. 7, 2006

layer can be assumed to be an isotropic material, thus
inducing no preferential scrolling direction. However, the
underlying Si layer is stretched by the scrolling process. This
Si layer has an anisotropic Young’s modulus which should
effect the preferred scrolling direction. However, experimental observation for thin lines demonstrates an additional
effect which apparently overrides the effect of the anisotropic
Young’s modulus.
In addition, it has been observed that for thinner Cr layers,
the stripe width necessary to switch the helicity of the SiGe/
Si/Cr coil from R to β and γ types is reduced. For Si0.6Ge0.4/
Si bilayer structures without Cr, only R types have been
found for mesa widths greater than 700 nm. Consequently,
for the Si0.6Ge0.4/Si bilayers the width of the mesa lines was
reduced from 700 to 300 nm. The misaligned angle of all
stripes is 5° from 〈110〉. The experimental results show the
helices formed by the 400 and 300 nm wide lines are γ type
and exhibited a strong decrease in pitch, indicating a
pronounced deviation from the 〈100〉 scrolling direction
determined by the Young’s modulus. Thus, the same pattern
for the SiGe/Si bilayer can be found as previously obtained
for the SiGe/Si/Cr and Si/Cr hybrid structures when the stripe
width becomes sufficiently narrow.
The experimental observations are summarized in Figure
4, showing the dependence of the diameter and the helicity
angle on the width of the mesa lines, respectively. Parts a
and b of Figure 4 compare the diameter of SiGe/Si/Cr helices
with 21 and 10 nm Cr to those of SiGe/Si helices for lines
oriented 5° (Figure 4a) and 10° (Figure 4b) from the [110]
direction. According to Suo et al.17 and Grundmann,18 the
diameter d of the SiGe/Si helix can be expressed as
d ) (ESi2d14 + 4ESiESiGed13d2 + 6ESiESiGed12d22 +
4ESiESiGed1d23 + ESiGe2d24)/
(3ESiESiGed1d2(d1 + d2)(1 + ν)) (1)
From eq 1, the diameter of the helix is determined not
only by layer thickness (d1, d2), Young’s modulus E, and
1313

Figure 4. Statistical curves showing the relationship between the stripe width and the diameter d for Si0.6Ge0.4/Si and Si0.6Ge0.4/Si/Cr
nanocoils. (a) Stripes deviate 5° from 〈110〉. (b) Stripes deviate 10° from 〈110〉. Dashed lines give the calculated diameter of helical nanobelts
which scroll along the 〈100〉 and 〈110〉 directions. (c, d) The relationship of the stripe width and the helicity angle (θ) for Si0.6Ge0.4/Si and
Si0.6Ge0.4/Si/Cr nanocoils. (c) Stripes deviate 5° from 〈110〉 . (d) Stripes deviate 10° from 〈110〉. Dashed lines represent the β-helix region,
which has a mixed chirality and irregular helicity.

lattice mismatch  but also by Poisson’s ratio ν of the Si
layer. When the coiling direction deviates from 〈100〉 to the
stripe orientation 〈hk0〉, the Poisson’s ratio of the Si layer
decreases,19 leading to an increase in diameter. However,
since 0.07 e νSi e 0.27 on Si(001), the increase in diameter
should be bounded by the limits of the Poisson’s ratio.20 The
broken horizontal lines in Figure 4a,b indicate the maximum
(ν〈110〉) and minimum (ν〈100〉) calculated diameter when the
extremes of the Poisson’s ratio and corresponding Young’s
modulus are used. Figure 4 demonstrates that R-helices
formed by wide mesa lines of the SiGe/Si bilayers are close
to the predictions for scrolling along the 〈100〉 direction. Also,
in the transition regime of β helical nanobelts the diameter
is within the limitations given by the Poisson’s ratio.
However, when the γ-type helical nanobelts appear, the
diameter increases dramatically and the diameter of helices
formed from narrow mesa lines deviates significantly from
the model.
Parts c and d of Figure 4 give the relationship between
the measured helicity angle θ and the stripe width for the
same helices previously discussed in the context of Figure
4a,b. Due to the preferred scrolling direction along the 〈100〉
direction in combination with the anisotropic etching, the
helicity angles of stripes with a misaligned angle of 5°
(Figure 4c) or 10° (Figure 4d) from 〈110〉 should produce
coils with helicity angles of 50° and 55°, respectively.9
Within the experimental error of the SEM measurements,
1314

this is confirmed by the R-helices. However, the experimental
results for β- and γ-type helices clearly deviate from this
prediction. It is evident from Figure 4c,d that deviation
increases with decreasing stripe width and increasing Cr layer
thickness. Furthermore, once the γ-type helix appears, the
helicity angle linearly decreases until rings form from very
narrow mesa lines.
We attribute the phenomena shown in Figure 4 to the
increasingly dominating edge effects of narrow stripes. At
the edges, part of the stress incorporated in the stripe20,21
will relax and, thus, decrease the strain . Finite element
method (FEM) simulations (ABAQUS) were used to validate
the prediction. For the simulations, a 300 nm wide and 1000
nm long SiGe/Si bilayer stripe with a 8 nm thick Si layer
and a 11 nm SiGe layer were used. As the length should
have no influence on the strain (if the length is long compared
to the width), the simulation was not done with lengths of
100 µm in favor of having many small and accurate finite
elements.
For orthotropic crystal systems ABAQUS uses engineering
constants for the elastic properties of the materials (Young’s
moduli, Poisson ratios, shear moduli). These constants are
related to the three material main axes being mutually
orthogonal and perpendicular to the mirror planes of the
crystal system. Due to the diamond structure of Si/SiGe there
are no such material main axes: the axes X ) (1-10) and
Y ) (110) of the stripe fulfill this condition, whereas their
Nano Lett., Vol. 6, No. 7, 2006

Figure 6. A schematic drawing for the explanation of the change
of the chirality. The SiGe/Si stripe has φ degree from [110]. (a)
The lengths b1 and b2 are the length of the lines that intersect the
mesa line along [100] and the [010], respectively. (b) F[hk0], which
is induced by asymmetrical stress relaxation, can be decomposed
into F′[010] and F′[100], and F′[010] < F′[100].

strained and relaxed material will decrease with decreasing
stripe width. It appears obvious that stress relaxation leads
to increasing diameters of helical nanobelts with decreasing
stripe width (Figure 4a,b), whereas an explanation of chirality
change requires a detailed discussion of the phenomena
related to the stress relaxation.
For conventional helical nanobelts,9 i.e., those in which
edge effects can be neglected, the compressive forces along
[100] and [010] can be written as

Figure 5. (a) Displacement contour plot of the FEM of the SiGe/
Si bilayer stripe along the direction X ) (1-10). The SiGe/Si bilayer
stripe has a thickness of 19 nm (8 nm Si/11 nm SiGe), a width of
300 nm, a length of 1 µm, and is aligned to 〈110〉. In the simulation,
the top layer is the SiGe layer for easy inspection. (b) Line plot of
the displacement in the X-direction of the FEM nodes from the
stripe front top edge.

third related axes Z ) (001) does not. However, the most
reliable solution takes X ) (1-10), Y ) (110), and Z ) (001)
for the material main axes system. The values of Young’s
moduli, Poisson ratios, and shear moduli related to this main
axes system were taken from ref 19.
According to the FEM simulations, the displacement of
the nodes of the finite elements increases linearly with the
distance from the center line of the stripe. For instance, the
lattice displacement in the X-direction at the edges of the
SiGe stripe is about 1.24 nm at each side of the stripe as
shown in Figure 5. Thus, the FEM simulations show that
the stress in the SiGe layer is partially relaxed along the
X-direction.
The strain condition in the helical nanobelts is quite
complex. The scrolling process relaxes the strain only in the
direction of scrolling where it does not affect the strain in
the perpendicular direction. The FEM simulations show that
at the edges the strain will partially relax in the direction
perpendicular to the longitudinal axes of the mesa. This
relaxation process does not depend on the width of the mesa
line used for the helix fabrication. However, the ratio between
Nano Lett., Vol. 6, No. 7, 2006

(
(

)
)

d1ESi
1
F[100] ) δ[100]b2d2
2
d1ESi + d2ESiGe

(2)

d1ESi
1
F[010] ) δ[010]b1d2
2
d1ESi + d2ESiGe

(3)

where δ is the stress in SiGe layer due to the lattice mismatch
of the SiGe layer to the Si layer, E is the effective Young’s
modulus,22 b is the length over which the scrolling process
occurs, and d1 and d2 are the thicknesses of the Si and SiGe
layers, respectively. The F[100] and F[010] along the preferred
scrolling orientations [100] and [010] will be different for a
mesa line slightly tilted from the 〈110〉 direction, which
becomes clear in Figure 6a. Here the lengths b1 and b2 are
the lengths of the lines that intersect the mesa line along the
[100] and the [010], respectively. The forces are proportional
to b2 and b1. A tensile force with the same magnitude as
described by eqs 2 and 3 acts on the Si layer. This pair of
forces between the SiGe and Si layers will generate a bending
moment M, which can be expressed by ref 23

(

M ) FSiGe

)

d 1 + d2
2

(4)

If the stripe is φ degrees from 〈110〉, as defined in Figure
6a, b1 becomes larger than b2. Then the force F[010] will be
larger than F[100], which leads to a different bending moment
along the two 〈100〉 directions. This model nicely describes
the observations gathered for broad mesa lines (R-helix),
1315

which also have been previously reported.9,23 When the stripe
becomes narrower, the difference in absolute values between
b1 and b2 becomes smaller and thus the difference for the
forces F[010] and F[100] will become smaller as well. However,
the reverse of the scrolling direction (chirality) to form a
γ-type helix still requires a driving force along a direction
other than the original [100]. This force arises from the
perpendicular stress relaxation at the two edges of a stripe
pattern. The FEM analyses show that the crystalline structure
near the edge can relax perpendicular to the mesa line since
the atoms at the rim can move outward, whereas little or no
relaxation will occur parallel to the mesa line. Consequently,
this asymmetrical relaxation process at the rim of the mesa
line will induce a force F[hk0], which is directed along the
mesa line, as shown in Figure 6b. The force F[hk0] can be
decomposed into forces F′[010] and F′[100] as illustrated in
Figure 6b. Notably, for the same orientation angle φ of the
mesa line shown in parts a and b of Figure 6, the force F[010]
is larger than F[100], whereas F′[010] is smaller than F′[100].
The difference between F′[010] and F′[100] is independent of
the mesa line widths, whereas the difference of F[010] and
F[100] decreases with the width of the mesa line. Thus, it is
proposed that the change in chirality occurs when
|F[010] - F[100]| < |F′[010] - F′[100]|

(5)

Furthermore, adding a strained isotropic film, such as the
Cr film, will increase the effect of F[hk0],21 which is in perfect
agreement with the experimental observations. The change
in chirality occurs at wider mesa line widths if a thicker Cr
layer is incorporated in the layer stack (Figure 4a,b).
Using this model, the impact of the mesa line width on
the pitch (Figure 2e,f), i.e., on the helicity angle (Figure 4c,d),
is also explained. The pitch decreases; i.e., the helicity angle
decreases, with decreasing mesa line widths. If the SiGe/Si/
Cr or SiGe/Si stripe width becomes narrow enough, the
scrolling direction is near the stripe longitudinal axis [hk0]
instead of the 〈100〉 direction. Due to the relaxation of strain
perpendicular to the mesa line orientation, the material at
the edges of the mesa line can be considered as harboring
predominantly uniaxial strain along the mesa line. This
uniaxial strain component will induce the force F[hk0], i.e., a
moment for scrolling in the direction parallel to the mesa
line. Consequently, in the mesa lines used for the fabrication
of helical nanobelts, a biaxial strain condition in the center
of the mesa line and a uniaxial strain condition at the sides
of the mesa line exist. The latter is independent of the mesa
line width, whereas the former decreases with line width.
The area under biaxial strain induces a preferred scrolling
direction along 〈100〉 directions, whereas the uniaxial strain
at the sides prefers scrolling parallel to the mesa line, i.e.,
both forces F〈100〉 along one of the 〈100〉 directions and the
force F[hk0] at the mesa sides must sum together to determine
the scrolling direction. For narrow lines this leads to a
reduction of the helicity angle, i.e., the scrolling direction is
shifted from the 〈100〉 directions toward the [hk0] orientation
of the mesa line. The experimental results suggest that for
1316

very narrow Si/SiGe mesa lines (<300 nm) F[hk0] will become
dominant and the structure scrolls into a multiwall ring along
the mesa line. It should be noted that this change in scrolling
direction away from the 〈100〉 direction will also lead to an
increase in the diameter.
On the basis of our results it can be also concluded
that when the stripe width is decreased, the Cr-coated
helices will change the nature of helicity (R, β, and γ) at a
larger stripe width than those without Cr. The Cr film can
be considered to be isotropic, thus it will not induce a
preferred scrolling direction. However, the strained Cr film
will relax at the edges as well, thus adding uniaxially strained
material at the edges without adding a moment in the 〈100〉
directions, i.e., F[hk0] increases whereas F〈100〉 remains the
same.
In conclusion, anomalous scrolling of SiGe/Si and SiGe/
Si/Cr helical nanobelts (β and γ types) has been observed.
The nature of the helicity of the naocoils differs from
conventional helical nanobelts (R helix).9 Two factors
dominate the chirality of a helix formed on Si(100). The first
is the different bending moment between the two 〈100〉
directions, which depends on the orientation of the mesa line.
The bending moment of a stripe can be affected locally by
tailoring the pattern shape. The second factor is the impact
of strain relaxation at the sidewalls of the mesa lines, which
leads to an asymmetrical lattice distortion in the plane of
the films and, in turn, to a uniaxial strain component along
the mesa line. This uniaxial strain component is responsible
for the deviation of the preferred 〈100〉 scrolling direction
for Si/SiGe bilayer films on Si(100) substrates obtained for
narrow mesa lines. The anomalous coiling of narrow mesa
lines can be used to tune the chirality, pitch, and helical angle
for nanohelices. Adding films with an isotropic Young’s
modulus such as amorphous or polycrystalline metal can also
be used to tailor these parameters. With this technique, helical
nanobelts with a helical angle of less than 10° can be
achieved, which is much smaller than the previously reported
minimum 45° given by the preferred 〈100〉 scrolling direction.
These techniques will create new opportunities for the design
and fabrication of nanocomponents having applications in
MEMS and NEMS.
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CHEMISTRY

Settling Down After It’s All Over

Self-assembly components during
the reaction (above) and after
cooling (below).

Homogeneous catalysis maximizes the frequency and conformational flexibility of the collisions between catalyst and substrate, but a major shortcoming is the challenge of separating catalyst from product once the reaction is complete. Biphasic solvent systems can mitigate this problem, but often do so at the expense of reduced mixing efficiency.
Kim et al. demonstrate how to take advantage of molecular self-assembly in order to
recover the catalyst in the dehydrogenative coupling of benzylic alcohols with olefins. The
reaction is catalyzed by a phosphine-coordinated Rh complex and aminopyridine chelator
(with one equivalent of olefin acting as the hydrogen acceptor). The phosphine and pyridine fragments are tethered to barbiturate derivatives that can assemble into a rigid network together with a third component—a triaminopyrimidine—by means of hydrogen
bonding. When a dioxane suspension of the reagents and network-bound catalysts is
heated to 150°C, the hydrogen bonds break, and a homogeneous solution forms. High
yields are obtained in 2 hours, and cooling then regenerates the self-assembled network
and precipitates the catalyst, allowing the product to be decanted. Catalysts were cycled
eight times without significant loss in activity; moreover, switching substrates between
cycles confirmed that none of the desired products partitioned into the solid phase. — JSY
Org. Lett. 8, 10.1021/ol0608045 (2006).
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Plasmons Go the Distance
The coupling of light with electronic surface excitations—specifically, surface plasmon polaritons—offers the opportunity to bridge the ordersof-magnitude difference in sizes between optical
and electronic carriers. To develop schemes for
coupling and transporting surface plasmons
around a chip, the determination of their propagation lengths is particularly important. In this
vein, van Wijngaarden et al. have excited surface
plasmons using a focused beam of electrons and
then detected the luminescence emitted as the
plasmons decayed. Based on these cathodoluminescence intensity decay profiles, they could
determine propagation lengths as a function of
wavelength. Gold and silver thin films (on silicon
and quartz substrates, respectively) were patterned with gratings to direct the emission, allowing the measurement of propagation lengths as
short as several hundred nanometers. The resolution of the technique is limited by excitation volume and so should increase as film thickness
decreases. The authors suggest that extensions to
the characterization of more elaborate plasmonic
nanostructures should also be possible. — ISO
Appl. Phys. Lett. 88, 221111 (2006).
MOLECULAR BIOLOGY

Please Release Me
MicroRNAs (miRNAs) are small (20- to 22nucleotide) RNAs that are encoded in the
genomes of most plants and animals and that

regulate gene expression by pairing with complementary sequences in the 3’ untranslated
regions (UTRs) of target mRNAs. A perfect match
between miRNA and target, as found in plants,
generally results in cleavage and subsequent
degradation of the target. An imperfect match,
as often found in animals, generally results in
repression of translation (of the mRNA into protein) and sequestration of the mRNA into cytoplasmic P bodies. Can such a repressed mRNA
break free from its inhibitory miRNA and reenter the pool of active mRNAs or is it
doomed to stay silenced?
Bhattacharyya et al. investigate
the dynamics of miRNA regulation by
analyzing miR-122–directed repression of the human cationic amino
acid transporter 1 (CAT-1). In Huh7
cells, CAT-1 translation is repressed
by miR-122, and CAT-1 mRNA is
found in P bodies. Stressing the cells
by amino acid starvation results in
the movement of CAT-1 mRNA from P
bodies into actively translating ribosomes and in an increase of CAT-1
protein, brought about by the release of
CAT-1 mRNA from the inhibitory action of miR122. These effects are mediated by the interaction of the AU-rich element (ARE)–binding protein HuR with a segment of the CAT-1 3’ UTR that
is rich in A and U residues. Thus, miRNA-based
down-regulation in animals is not all or none, as
in plants, and can be reversed in response to
changing conditions. — GR

www.sciencemag.org

CELL BIOLOGY

The Hole Story
The actin cytoskeleton is responsible for controlling cell shape and function. Small Rhotype GTPases regulate actin dynamics and are
often the target of bacterial virulence factors
that commandeer actin and use it to promote
bacterial invasion strategies. Boyer et al.
describe how Staphylococcus aureus exploits
this cellular machinery. S. aureus produces a
Endothelial holes
containing invasive
bacteria (orange).

protein known as EDIN (epidermal cell differentiation inhibitor), which induces large, transient, transcellular holes in endothelial cell
layers. These macroapertures are large enough
to allow the passage of bacteria across the
endothelium basement membrane. It seems
that EDIN acts by inhibiting RhoA; this results
in the disruption of actin cables and promotes

Cell 125, 1111 (2006).
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J. Cell Biol. 173, 809 (2006).
IMMUNOLOGY

Another Function for AID
Activation-induced cytidine deaminase (AID)
plays a pivotal role in the immune system, controlling antibody class switching and generating
diversity through somatic hypermutation of
immunoglobulin genes. AID is also part of a
larger group of deaminases, which include the
antiretroviral APOBEC family members.
Gourzi et al. explored the possibility that AID
might possess a similar capacity for protection
against retroviruses and found that cells from
mice lacking AID were indeed less able to cope
with a replication-deficient form of the transforming Abelson murine leukemia virus (AbMLV). In response to infection, AID activity was
induced in the bone marrow, extending its territory beyond the B cell germinal center. Furthermore, mice succumbed to transformed B cell
tumors more rapidly if they lacked AID, and
showed a corresponding failure to
control cellular proliferation.
AID activity induced phosphorylation of the cell
cycle checkpoint kinase
Chk1 and increased the
sensitivity of host cells
to killing by natural
killer (NK) cells by up-regulating NK cell receptor ligands. These observations fit well
with a model in which generalized DNA
damage caused by widespread AID-induced
mutations in transcribed genes prompts both
checkpoint arrest and elimination by the immune
system. It will now be interesting to see how
broadly the scope for AID in protecting host from
pathogen might extend. — SJS
Immunity 24, 10.1016/j.immuni.2006.03.021
(2006).
BIOMEDICINE
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Carbs Worth Remembering
The brains of patients with Alzheimer’s disease
(AD) show an aberrant buildup of oligomeric
aggregates of amyloid β peptide (Aβ). These
aggregates are neurotoxic and are believed by
many researchers to be a central cause of the
memory loss and cognitive decline that characterize the disease. Hence, interventions that
inhibit Aβ oligomerization would be expected
to slow or prevent disease progression.
McLaurin et al. test this hypothesis in a mouse
model of AD by administering cyclohexanehexols,

a group of small carbohydrate-like molecules that
had been found in previous cell culture studies to
stabilize Aβ in a conformation that precluded its
assembly into oligomers. The treated mice showed
improved cognitive function and reduced neuropathology, and they lived longer than control
mice. The cyclohexanehexols were effective not
only in a prevention setting but even when given
to mice after the onset of symptoms. These results
underscore the pathogenic role of Aβ oligomerization in AD and raise the possibility that derivatives
of these compounds, which cross the blood/brain
barrier and can be taken orally, may offer therapeutic benefit to patients with the disease. — PAK
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Nat. Med. 12, 10.1038/nm1423 (2006).
NANOTECHNOLOGY

All Wound Up
Nanohelices can be used in micro- and nanoelectromechanical systems as resonators,
mech-anical components, or sensors. One
route for the controlled fabrication of nanohelices is to grow strained heterofilms on a substrate and to etch and release
the films, which then
form coiled structures attached to
the substrate
at one end.
Previously, Zhang
et al. developed such a
method for SiGe
and SiGe/Cr films on
single-crystalline
Scanning electron
Si(100) substrates
micrograph of Si/Cr
that was limited to
bilayers; the similarhelical angles of 45°
ity of coiling illusor more (the maxitrates the dominant
mum orientation miseffect of the Cr layer
match). They now
over substrate
direction.
report that as the
width of the stripes
is decreased below 1 µm, edge effects lead to
tighter pitches and cause the handedness of
the helices to reverse (from right to left,
through a disordered transition regime); even
concentric multiwall rings can be fabricated.
Although the Cr layers are isotropic, they
change the edge stresses and cause the
onset of anomalous coiling (deviation from
the preferred <100> scrolling direction) to
occur at larger stripe widths. The authors map
out the conditions for controlling helical
angles to less than 10° and model the relaxation behavior of these films with finiteelement simulations. — PDS
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Pretty as You Please, Curling Films
Turn Themselves Into Nanodevices
Nanometer-thick films that roll themselves into tubes and fold up into elegant
shapes promise a highly controllable way to make tiny gadgets
Sometimes the results of an experiment are so
Pablo Vaccaro, a physicist with the Advanced
beautiful that researchers assume they must
Telecommunications Research Institute
be useful, too. Just ask Detlev Grützmacher.
International (ATR) in Kyoto, Japan, says the
Six years ago at a conference in St. Petersburg,
relatively simple and flexible technology will
Russia, Grützmacher, a physicist at the Paul
surely find applications. “I feel that we are just at
Scherrer Institute in Villigen, Switzerland,
the beginning of a big wave that will revitalize
spied images of the nanometer-sized tubes and
the field of semiconductors,” he says.
helices a Russian colleague had fashioned
That wave is still more of a ripple than a
from f ilms of semiconductor, the stuff of
whitecap. Rolled-up nanotech probably won’t
microchips. The gracefully curling objects
wind its way into production lines for years.
resembled modern sculpture.
“Immediately, I started fanta- Spring loaded. When a
sizing about what kind of things one film is freed, its top layer
could do with these,” Grützmacher contracts, and its bottom
says. “Can I make a capacitor? Can layer expands, causing the
I make an inductor? A sensor?” film to curl and roll.
Now, he and a small but growing
number of other researchers hope to
turn the curlicues into a new form
of nanotechnology.
For more than a decade, physicists and engineers have strived to
make nanometer-sized gizmos.
Some etch ever-smaller devices out
of semiconductors, a “top-down”
approach that seeks to raise threedimensional (3D) structures from a
succession of layers. Many are
exploring a “bottom-up” approach
that aims to assemble devices out
of individual molecules, such as
super-strong carbon nanotubes.
To make a practical technology,
however, researchers must coax the
molecules to piece themselves
together, and such self-assembly
remains a distant goal.
But a handful of researchers
think they can enjoy the best of
both worlds. They are experimenting with films that roll themselves
into delicate tubes or fold like
minuscule cardboard boxes. The
budding technology—known as
strain architecture, rolled-up nanotech, or nano-origami—offers lithography’s
But proponents say the self-rolling tubes and
ability to put things exactly where they’re
helices may have more potential than competineeded. At the same time, the f ilms curl
tors such as carbon nanotubes. Force sensors,
themselves into novel 3D structures, adding
tiny inkjet printers, and other experimental
an element of self-assembly.
devices based on the wound-up technology
“It’s a whole new direction,” says Max
may be around the corner.
Lagally, a materials physicist at the University of
Wisconsin, Madison. “Here you really have a
Rolling out of Siberia
way to make the same thing over and over with
The technology was born by accident, in the
interesting properties that you can control.”
laboratory of Victor Prinz, a physicist at the
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Russian Academy of Sciences Institute for
Semiconductor Physics in Novosibirsk. In
1995, Prinz and colleagues were studying how
electrons hop across a crack in a suspended
film of semiconductor. They knew that a film
consisting of two layers of different materials
should bow, potentially allowing researchers to
control the width of the crack. To their surprise,
the “bilayer” curled into a tube.
That happens because the layers contain
atoms of different sizes. For example, to form a
film, researchers may lay down a layer of silicon
mixed with germanium and top it with a layer of
pure silicon, depositing the layers on a soluble
“substrate.” The atoms in the film arrange themselves in orderly arrays like oranges stacked
neatly at a fruit stand. But because germanium
atoms are bigger than silicon atoms, atoms in the
silicon and germanium layer have to squeeze
together and the atoms in the silicon layer have
to stretch apart. So when researchers etch away
the substrate, atoms in the upper layer snap back
toward one another and those in the lower layer
spring apart, causing the film to curl upward.
Theorists predicted that it would be impossible to etch away the substrate without damaging
the film, or that films only a few layers of atoms
thick would quickly oxidize, Prinz says. Yet,
within a few years, he and his team had wound up
tubes, coils, and helices with widths ranging from
a few micrometers down to a few nanometers.
“Never trust theorists in novel fields,” Prinz says.
“Trust only in your experiments.”
As unlikely as it sounds, such films wind
themselves into tight spirals resembling carpet
rolls, with successive windings binding neatly to
each other. Researchers can form more complex
shapes such as helices by exploiting the fact that
the films tend to curl perpendicular to certain
rows of atoms, just as a carpet might roll most
easily perpendicular to its warp. If researchers
lay down a thin strip of film that’s canted relative
to the easy-rolling direction, it will curl into a
helix instead of a tube.
The roll-up technique offers several advantages, proponents say. The approach begins
with standard lithography to pattern films and
etch away substrates, so it provides the exquisite
control of that tried-and-true technology. The
basic physics is so simple that the approach
should work with a wide variety of materials.
And because the technique works with semiconductors, it should be possible to roll up
electronic circuits in the film or to integrate
tiny tubes, coils, and other devices directly into
microchips—at least that’s the hope.
What’s it good for?
For the moment, researchers are primarily
studying the electrical, optical, and mechanical
properties of the tubes and other shapes they’ve
made. Two years ago, physicist Oliver Schmidt
and colleagues at the Max Planck Institute for
Solid State Research in Stuttgart, Germany,

www.sciencemag.org
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microscopes, such a sensor should be extremely
sensitive, says Nelson, who is collaborating
with Grützmacher of the Paul Scherrer Institute.
The team should have a working sensor within
6 months, Nelson says.
Perhaps most ambitiously, applied physicist
Robert Blick and colleagues at the University of
Wisconsin, Madison, hope to use free-floating
silicon germanium tubes as chemical sensors
that unwind when they encounter their target
molecule. Researchers already do something
similar with fluorescent quantum dots, whose
light changes when the dots bind to their chemical target. The tubes “are a bit bigger, but they’re
a lot more flexible in that they can change their
shape and you can incorporate electronics,”
Blick says. The project is in its early stages, but
the researchers have shown that they can wind
and unwind a tube by changing the salinity of the
solution surrounding it.

Les objets. Using the curling films and a little ingenuity, researchers can create a wide variety of potentially
useful shapes, such as a grasping claw, a suspended spiral, and a delicate coil spring. The same basic physics
can be used to make larger folding or pop-up structures, such as a microstage.

showed that a rolled-up nanotube can convey
liquid like a tiny pipe. Earlier this year, they
reported in Applied Physics Letters that the tubes
also guide light like optical fibers.
Schmidt and colleagues have recently rolled
up films of a single material. They grow the film
so thick that the atoms near the bottom squeeze
together but those near the top feel no pinch.
That’s because faults develop in the stacking that
allow the upper atoms to shift apart, Schmidt
reported at a meeting of the American Physical
Society in March. The advance could lead to a
handier all-silicon technology. The tubes can
also emit light, Schmidt says, a trait that could
lead to rolled-up lasers on a chip, a potential
boon for “optoelectronics.”
Researchers have rolled up a variety of
materials, including metals and insulators. The
technique even works with polymers, physicist
Manfred Stamm of the Leibniz Institute of
Polymer Research Dresden in Germany and
colleagues reported last year in Advanced
Materials. They lay down a polymer that
absorbs a solvent and swells, then top it with
one that does not; the swelling curls the film.
“Millions of different polymers exist with all
sorts of functionalities,” Stamm says, “and
interfacing to biological systems may be easier
because most biomaterials are polymers.”
Stamm hopes to use a polymer nanotube as the
nozzle for a nano–inkjet printer that might spit
out one macromolecule at a time.
Some researchers use curling films to connect larger plates and fold them into micrometersized devices in an approach known as nano- or
micro-origami. ATR’s Vaccaro and colleagues

have used semiconductor films to make an array
of pop-up mirrors and other structures without
complex hinges or moving parts. Optics engineer George Barbastathis and colleagues at
the Massachusetts Institute of Technology in
Cambridge have made tiny fold-over capacitors,
as they described in Applied Physics Letters in
February, and the team’s ultimate goal is to fold
up accordionlike devices that manipulate light
in novel ways. “We see this as an enabling technology,” Barbastathis says. “We’re trying to make
it as manufacturing applicable as possible.”
Experimental widgets based on the new
technology are already starting to
emerge. Physicists Tobias
Kipp, Detlef Heitmann,
and colleagues at the
University of Hamburg in Germany
have turned a semiconductor tube into
an optical ring resonator, a device that
resonates with light much
as a whistle rings with sound.
Described in Physical Review Letters in February, the resonator isn’t yet as good as those
made by other techniques. But the researchers
think rolled-up resonators could someday play a
part in quantum information technologies.
Employed like a probing finger, a drill-like
helix should also make a good force sensor,
says Bradley Nelson, a roboticist at the Swiss
Federal Institute of Technology (ETH) in
Zurich. Because the tubes bend much more
easily than the probes used on atomic force
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Tube versus tube
Amid the parade of grand visions, some
researchers say it’s too early to tell whether the
roll-your-own approach will pay off. “I don’t
see how one can claim it has any advantages
versus bottom-up approaches, since neither has
been demonstrated,” says Charles Lieber, a
chemist at Harvard University. Even the optimists acknowledge that technical hurdles lie
ahead. For example, affixing electrical contacts
to rolled-up devices can be tricky.
Researchers working with the curling films
disagree on how they stack up against other
forms of nanotechnology, in particular carbon
nanotubes. The bizarre, elongated molecules of
carbon possess electrical and mechanical properties that the larger semiconductor nanotubes
cannot hope to match, says Wolfgang Hansen, a
physicist at the University of Hamburg whose
team has rolled up tubes containing layers of
metal and insulator. “The bandwidth for applications is
certainly larger” for
carbon nanotubes, he
says. ETH’s Nelson,
who works on both
types of tube, sees
it the opposite way.
“There’s just a lot
more design possibilities with these little coils,”
he says. “There are a lot more
materials and interesting geometries that
you can produce.”
All agree that finding a few killer applications would go a long way toward transforming
vision into reality. Researchers can’t yet say
what those could be—perhaps something as
simple as tiny inductive coils for electronics—
but most are hopeful that they will come. The
tale of this technology, they say, has only
begun to unwind.
–ADRIAN CHO
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