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The Plateau–Rayleigh instability was first proposed in the mid-1800s to describe how a column of water breaks apart into
droplets to lower its surface tension. This instability was later generalized to account for the constant volume
rearrangement of various one-dimensional liquid and solid materials. Here, we report a growth phenomenon that is unique
to one-dimensional materials and exploits the underlying physics of the Plateau–Rayleigh instability. We term the
phenomenon Plateau–Rayleigh crystal growth and demonstrate that it can be used to grow periodic shells on one-
dimensional substrates. Specifically, we show that for certain conditions, depositing Si onto uniform-diameter Si cores, Ge
onto Ge cores and Ge onto Si cores can generate diameter-modulated core–shell nanowires. Rational control of deposition
conditions enables tuning of distinct morphological features, including diameter-modulation periodicity and amplitude and
cross-sectional anisotropy. Our results suggest that surface energy reductions drive the formation of periodic shells, and
that variation in kinetic terms and crystal facet energetics provide the means for tunability.

Controlling crystal growth at the nanoscale allows for
command over both morphology and composition, thereby
imparting enhanced or new functionality. For example,

radial growth of conformal, crystalline shells over nanowire
cores1–4 provides a way to introduce unique electronic and optical
characteristics to uniform-diameter core–shell nanomaterials5–7.
Key physical phenomena, including optical absorption and electri-
cal and thermal transport, are influenced by a nanowire’s diam-
eter5,8, so it is interesting to consider whether diameter
modulation can be introduced synthetically by design to generate
material properties distinct from those of uniform-diameter nano-
wires. Several reports have been published on diameter-modulated
nanowires synthesized by perturbing nanowire growth during
axial elongation9–16, by post-growth ex situ methods17,18 and by
strain-mediated core–shell heterostructure growth19,20. However,
the ability of these techniques to simultaneously control multiple
morphological features, tune these features over a wide range and
combine cores and shells of arbitrary material composition
remains limited.

Here, we report a general method of synthesizing diameter-
modulated core–shell nanowires whose morphologies are tunable
over an unprecedented range. We term this process ‘Plateau–
Rayleigh crystal growth’, as it can be understood by considering
the physics underlying the Plateau–Rayleigh (P–R) instability but
in the context of nanowire crystalline shell growth. The P–R
instability21–26, first proposed in the 1800s to explain the break-up
of a column of water into isolated droplets, more generally describes
the constant-volume transformations of one-dimensional liquids
and solids that reduce the total surface tension or energy. The
relationships between in situ periodic shell growth by P–R crystal
growth on a one-dimensional nanowire core versus conventional
conformal shell growth and the P–R instability are shown schema-
tically in Fig. 1a. Without a reactant, annealing nanowires at low
pressures yields isolated nanocrystals27–29, with a periodic spacing

predetermined by the nanowire diameter due to the P–R instability.
Here, by introducing reactant at low pressures, we reveal an unex-
plored growth regime, P–R crystal growth, where the diameter-
modulation periodicity (pitch) and diameter-modulation amplitude
(inner and outer diameters) are controlled for a given
nanowire diameter.

Morphological tunability of diameter-modulated nanowires
We focus on Si periodic shell growth (see Methods and
Supplementary Methods), because previous work has reported con-
formal Si shell growth over 100-nm-diameter Si cores under a wide
range of experimental conditions4,7, including temperatures
between 650 and 850 °C with silane (SiH4) as the Si shell source.
In the absence of SiH4, heating 100-nm-diameter Si nanowires at
temperatures ≥775 °C leads to break-up into nanoparticles due to
the P–R instability. At 900 °C this transformation occurs within
3 min (Fig. 1b), and much more slowly at lower temperatures (for
example, >14 h at 775 °C), as expected27–29. Scanning electron
microscopy (SEM) images (Fig. 1c) of nanowires produced follow-
ing growth in the same temperature range (650–850 °C) but with
SiH4 and H2 partial pressures ∼10–100 times lower than for conven-
tional conformal shell growth (see Methods and Supplementary
Methods) highlight new features. First, the images show a periodic
diameter modulation, where the pitch of the modulation varies as
a function of specific growth conditions. Specifically, the periodic
shell growth temperatures (in °C), SiH4 flow rates (in s.c.c.m.) and
partial pressures (in mtorr) for these images (top to bottom) were
775/0.3/1, 760/0.15/0.7, 800/0.8/4 and 775/1/5, respectively
(Fig. 1c). Second, the periodic structure results from an additive
process, because the inner/outer diameters of the modulations
shown in the four images are all greater than the ∼100 nm starting
nanowire core diameter (280/490, 160/270, 170/320 and
180/330 nm). Furthermore, annealing 100 nm Si cores for ∼2 h at
a temperature similar to these growths (Supplementary Fig. 1)
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does not lead to any significant structural rearrangement of the core
on the timescale relevant to periodic shell formation. Hence, these
results show that the periodic shell structures arise from added
SiH4 as predicted by our P–R crystal growth concept. In addition,
the yield of diameter-modulated nanowire structures is quite high,
∼80–90%, as determined from optical and SEM images
(Supplementary Fig. 2). Finally, control experiments in which the
nanoparticle catalyst was removed by etching before shell growth
(Supplementary Fig. 3) showed similar periodic structures and

highlight that the observed modulation does not arise from
diffusion of the metal catalyst along the nanowire core.

The structure and composition of these periodic shell nanowires
have been characterized by transmission electron microscopy (TEM;
see Methods and Supplementary Methods). A representative low-
magnification TEM image (Fig. 1d) depicts a periodic shell nano-
wire with pitch of ∼2 μm. Inspection of the interface between
inner and outer shells by bright-field and dark-field imaging fails
to indicate any defects observable in the [111] (Fig. 1d, left and
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Figure 1 | Plateau–Rayleigh (P–R) crystal growth of periodic shell nanowires with tunable morphology. a, Schematic illustrating P–R instability, conformal
shell growth and P–R crystal growth of periodic shells on nanowire cores at elevated temperatures. Pitch is defined as the sum of lengths of an inner and
outer shell. b, SEM image of Si particles obtained after annealing 100 nm Si nanowire cores in vacuum at 900 °C for 3 min. Scale bar, 2 μm. c, Plan-view
SEM images showing tunability of pitch from 2 to 12 µm for Si shells deposited on 100 nm Si nanowire cores. Growth conditions (temperature (°C), SiH4

flow (s.c.c.m.), H2 flow (s.c.c.m.), total pressure (torr), SiH4 partial pressure (mtorr)) for images (top to bottom) were (775/0.3/180/0.61/1), (760/0.15/
60/0.29/0.7), (800/0.8/60/0.29/4) and (775/1/60/0.29/5), respectively. Scale bars, 1 μm. d, Crystallographic characterization of Si periodic shell
nanowires. Top: Composite bright-field TEM image of a Si periodic shell nanowire with average pitch of ∼2.2 μm. The image consists of four individual
low-magnification images stitched together. Image borders are indicated by dashed blue lines. Scale bar, 1 μm. Bottom left and middle: Bright- and dark-field
TEM images from the area indicated by the red arrow. Scale bars, 400 nm. The dark-field TEM image was recorded using a {220} reflected beam. Inset:
Schematic depicting the cross-sectional geometry and surface facet assignments of the periodic shell nanowires. Bottom right: Selected area electron
diffraction patterns in the [111] zone axis from the region shown in the left and middle panels.
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middle) and [110] (Supplementary Fig. 4) zone axes. Selected-area
electron diffraction data obtained from different positions along
the nanowire axis, including the inner and outer diameters of the
modulation and interface between an inner/outer modulation,
produced indistinguishable diffraction patterns; that is, the diffrac-
tion patterns all have a single set of spots in the [111] zone axis

(Fig. 1d, right), indicating a [211] nanowire growth axis consistent
with epitaxial, diameter-modulated growth and our previous
work4. Elemental mapping by energy-dispersive X-ray spectroscopy
(EDS; Supplementary Fig. 5) also confirmed that added material was
Si, without appreciable impurities, showing that the nanowire com-
position is uniform along its axis within the 0.1–1% sensitivity of
EDS. Together, TEM imaging, diffraction and compositional ana-
lyses demonstrate that the Si periodic shell nanowires are highly
crystalline materials with clean core/shell interfaces and axial
uniformity with respect to crystallography and composition.

To illuminate factors controlling the P–R crystal growth of peri-
odic shells we explored growths where only time, SiH4 flow rate or
temperature was systematically changed. SEM images of periodic
shell structures produced by varying the growth time from 0 to
8 min at 800 °C (SiH4 flow = 0.8 s.c.c.m.; SiH4 partial pressure =
4 mtorr; Supplementary Fig. 6) show the development of a
diameter-modulated shell from a 100-nm-diameter Si nanowire.
Analysis shows that the pitch, ∼4.5 μm, does not change with
time, although the diameters of the inner and outer shells increase
as expected for this additive process. The diameter-modulation
amplitude and outer shell fill ratio, which is defined as the ratio of
outer shell length to the pitch, do change with time. Studies
carried out with different SiH4 flow rates at 775 °C and with other
parameters constant (Fig. 2a and Supplementary Fig. 7) yielded sys-
tematic increases in average pitch: 1.2 ± 0.18, 2.5 ± 0.32, 3.8 ± 0.85
and 7.8 ± 1.42 μm (±1 standard deviation (s.d.), N = 10 for all
measurements) for flow rates/SiH4 partial pressures of 9/47, 3/15,
1/5 and 0.3/1 s.c.c.m./mtorr, respectively. Growths carried out at
different temperatures with the SiH4 flow rate and partial pressure
(3 s.c.c.m./15 mtorr) and other parameters constant (Fig. 2b and
Supplementary Fig. 8) produced average pitches of 1.2 ± 0.16,
2.5 ± 0.32, 4.0 ± 0.84 and 8.3 ± 0.87 μm (±1 s.d., N = 10 for all
measurements) at growth temperatures of 735, 775, 815 and
855 °C, respectively. These studies show that the pitch can be sys-
tematically increased by increasing the temperature or decreasing
the SiH4 flow rate/partial pressure during growth.

P–R crystal growth model
To rationalize these experimental observations and explore the
potential for synthetic design of new periodic structures, we
considered a simple model for P–R crystal growth. Similar to
P–R instability, where periodically spaced particles reduce the
total surface energy compared to the original one-dimensional
material, we assume that periodically spaced shells on a one-
dimensional substrate reduce the total surface energy compared
to a uniform-diameter nanowire of equivalent volume, thermo-
dynamically driving growth of periodic shells over uniform-diameter
shells. Moreover, we assume that longer-pitch nanowires have
lower surface energies than shorter-pitch nanowires of equivalent
volume. The kinetics of the growth, however, will determine
(1) whether periodic (versus uniform-diameter) shells grow and
(2) whether longer, lower-energy pitches develop. In the periodic
shell growth regime (735–855 °C, ∼0.1 torr), the diffusion length
of adatoms is known to play a significant role in determining
the final morphology and structure of Si films30,31

(Supplementary Discussion). Thus, we hypothesize that Si
adatom diffusion lengths are the most significant kinetic factor
allowing access to lower-energy (that is, longer-pitch) periodic
shell structures.

Our experimental results support the above model and highlight
the implicit influence of kinetics for achieving lower-energy periodic
configurations. First, Fig. 2a,b shows that lower SiH4 flow rates/
partial pressures and higher temperatures yield longer pitches,
and corresponding thin-film studies have shown that lower precur-
sor fluxes and higher temperatures are correlated with longer
surface diffusion lengths30. Second, increasing only the H2 partial
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Figure 2 | Experimental synthetic control and model for P–R crystal
growth. a, Dependence of pitch on SiH4 flow rate/partial pressure. Si shells
were deposited on 100 nm Si cores at 775 °C for variable SiH4 flow rates
(partial pressures) at a total pressure of ∼0.3 torr. Error bars denote 1 s.d.
from an average of ten nanowire measurements. SEM images of nanowires
grown at variable SiH4 flow rates are shown in Supplementary Fig. 7.
b, Dependence of pitch on temperature. Si shells were deposited on 100 nm
Si cores at variable temperature with a SiH4 flow rate of 3 s.c.c.m.
(SiH4 partial pressure of 15 mtorr) at a total pressure of ∼0.3 torr. Error bars
denote 1 s.d. from an average of ten nanowire measurements. SEM images
of nanowires grown at variable temperatures are shown in Supplementary
Fig. 8. c, Surface area comparisons for variable pitch. The surface areas of
periodic shell nanowires with various pitches are compared to a uniform-
diameter (straight) nanowire with equivalent volume, as denoted by the
dashed grey line. All structures have equivalent volume and the lowest
possible surface-area configuration for a given pitch. Right axis: Absolute
output values from the calculations assuming a total nanowire length of
30 μm, inner diameter of 100 nm and the pitch denoted on the bottom axis.
Left axis: Dimensionless ratio of the surface area of a periodic shell
nanowire to the surface area of a uniform-diameter core–shell nanowire of
equivalent volume.
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pressure 100-fold but with a growth temperature and SiH4 partial
pressure that would otherwise produce periodic shells yields
conformal shells. This result is consistent with the fact that
surface diffusion lengths of Si adatoms are reduced by H2 pressure27;
that is, growth is kinetically trapped to yield higher-surface-energy

conformal shells. Third, the introduction of PH3 impurity leads to
a reduction in periodic shell pitch from ∼2.5 to 1.5 μm and
ultimately conformal shells at higher PH3 levels (Supplementary
Fig. 9), consistent with decreased adatom surface diffusion lengths
during Si film growth in the presence of PH3 (ref. 32). Finally,
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Figure 3 | Generality and scope of P–R crystal growth. a–d, Generality with respect to core diameter. SEM images of Si periodic shells deposited on Si
nanowire cores with diameters of 50 nm (a), 30 nm (b), 20 nm (c). Scale bars, 400 nm. Si shells in a were deposited at 815 °C for 10 min with SiH4 and
H2 flow rates of 0.3 s.c.c.m. and 60 s.c.c.m., respectively (SiH4 partial pressure, 1 mtorr). In b and c, Si shells were deposited at 775 °C for 3 min with SiH4

and H2 flow rates of 3 s.c.c.m. and 200 s.c.c.m., respectively (SiH4 partial pressure, 10 mtorr). d, High-resolution TEM image of the transition from inner
to outer shell of a Si periodic shell grown on a 20 nm core nanowire. Scale bar, 10 nm. Inset: Selected area electron diffraction pattern in the [111] zone axis
of the region of the nanowire shown in the TEM image. e–g, Synthetic control of aspect ratio. Head-on SEM images of low (∼1) (e) and high (∼4) (f)
aspect ratio Si periodic shells grown on 100 nm Si nanowire cores. At 735 °C with a H2 flow rate of 60 s.c.c.m., Si shells were deposited using SiH4 flow
rates/partial pressures of 3 s.c.c.m./15mtorr for 5 min (e) and 0.3 s.c.c.m./1mtorr for 22 min (f). Scale bars, 400 nm. TEM image (g) of the transition from
inner to outer shell of a high (∼4) aspect ratio Si periodic shell grown on a 100 nm core nanowire. Scale bar, 400 nm. Inset: Selected area electron
diffraction pattern in the [111] zone axis of the region of the nanowire shown in the TEM image. h, Generality of P–R crystal growth with respect to material.
SEM image of Ge periodic shells deposited on a Ge nanowire core with a diameter of 50 nm. Scale bar, 400 nm. Ge shells were deposited for 10 min
at 470 °C followed by deposition for 3 min at 600 °C with GeH4 flow rate/partial pressure of 40 s.c.c.m./20mtorr.
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estimated diffusion lengths in the periodic shell growth regime
range from 200 nm at lower temperatures to tens of micrometres
at our highest growth temperatures (Supplementary Discussion)
are consistent with the observed periodic shell pitch values.

Our model assumes that periodically spaced shells on a nanowire
can have reduced surface energies compared to uniform-diameter
core–shell nanowires of the same volume by reducing the total
surface area and/or by elaboration of lower-energy surface facets.
A straightforward geometric analysis (Supplementary Methods)
allows us to test this assumption by directly comparing the ratio
of surface areas for different periodic versus conformal shell con-
figurations, given the general correspondence of surface area and
surface energy30,33. For example, a periodic shell nanowire with a
pitch of 3 μm, outer shell diameter of ∼400 nm and inner shell of
∼100 nm can have 92% of the surface area of a uniform-diameter
nanowire with equivalent volume (Supplementary Fig. 10a).
Similar calculations show that surface area decreases with increasing
pitch as more of the Si volume becomes concentrated into fewer
shells (Fig. 2c and Supplementary Fig. 10b). This latter trend is con-
sistent with the experimental results described above, where con-
ditions that increase the adatom diffusion length lead to longer
pitch structures. We note that our model and geometric analysis
are general, as they assume a cylindrical cross-section and isotropic
surface energy densities.

We have also carried out calculations that explicitly consider the
experimentally observed cross-sections and the corresponding energy
densities for the different Si surface facets observed on our Si periodic
shell structures (Supplementary Information and Supplementary
Fig. 10c). Notably, these calculations show that our observed periodic
shell nanowires have lower surface energies than uniform-diameter
nanowires with equivalent volumes. Thus, the concepts and predictive
trends of the model should be applicable to other material systems,
sizes and cross-sectional geometries.

Generality and scope of P–R crystal growth
We explored the generality of P–R crystal growth through Si shell
growth on different-diameter Si nanowire cores and the growth of
other materials. SEM images of periodic Si shell structures from
growth on Si nanowire cores with diameters of 50, 30 and 20 nm
(Fig. 3a–c, respectively) highlight several points. First, these images
demonstrate that P–R crystal growth yields periodic shell nanowires
for a broad range of ‘substrate’ nanowire diameters. Second, these
data show that pitches of periodic shells grown on smaller
30- and 20-nm-diameter nanowires can easily reach submicrometre
dimensions with values of ∼600 and ∼330 nm, respectively. Third,
these results demonstrate that periodic shell growth can yield sub-
stantial width-to-height anisotropy (addressed in more detail in
the following). In addition, high-resolution, lattice-resolved TEM
data obtained at the junction between one inner core and outer
shell from a Si periodic shell grown on a 20-nm-diameter Si nano-
wire core (Fig. 3d) show continuous lattice fringes over the entire
structure with no indications of defects or an interface between
the core and shell. Selected area electron diffraction from this
region (Fig. 3d, inset) yielded a single set of spots in the [111]
zone axis. We note that the diffraction pattern and principle
crystal directions of the nanowire core and shell are the same as
those found for the larger low-aspect-ratio periodic shell structures
obtained from P–R crystal growth on 100 nm Si nanowires (for
example, Fig. 1d).

These diameter-dependent growth studies highlight a unique
characteristic of P–R crystal growth—the capability to achieve sub-
stantial width-to-height anisotropy during periodic shell growth
(Fig. 3a–c). We suggest that the inherent anisotropies in crystal
facet surface energies34 and adatom diffusion coefficients31,35–37

enable synthetic tunability of aspect ratio. SEM images of structures
resulting from P–R crystal growth on 100 nm Si nanowire cores
under different conditions (Fig. 3e,f ) show periodic shells with a
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Figure 4 | Optical properties of Si periodic shell nanowires. a,b, Dark-field optical images of periodic shell nanowires with different dimensions.
The dimensions, determined from SEM measurements, are Douter = 260 and 150 nm, Dinner = 205 and 30 nm and pitch = 6 μm and 450 nm in a and b,
respectively. Scale bars, 10 μm (a), 2 μm (b). c,d, Light absorption of inner versus outer shell modelled by FDTD simulations. Inner diameters, outer
diameters and pitches of the nanowires in a and b were used as input dimensions for simulations in c and d, respectively. Outer aspect ratios were assumed
to be 1.45 and 1.5 (Houter = 180 and 100 nm) and inner aspect ratios were 1.15 and 1.0 (Hinner = 180 and 30 nm) for c and d, respectively. Spectra were
obtained from finite-volume slices at the centre of the outer (blue and red) and inner (grey and green) shells (c,d). Insets: Normalized absorption mode
profiles at wavelengths of 445 nm (top) and 490 nm (bottom), denoted by 1 and 2 in c, and at 590 nm, denoted by 3 in d. Scale bars, 250 nm (c)
and 30 nm (d).
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fourfold variation in cross-sectional anisotropy, supporting this
idea. TEM images and electron diffraction data (Fig. 3g) further
show that that the 4:1 anisotropy shell has the same structural
quality and crystal directions as observed for periodic shell nano-
wires with 1:1 cross-sectional geometry (Fig. 1d) and periodic
shell growth on 20 nm cores. Previous thin-film studies have
reported net adatom diffusion from Si(111) to the Si(113) facets,
elongating the (111) surface31,37. This is consistent with our work,
where the higher-aspect-ratio structures, which have longer (111)
surfaces, are observed with lower SiH4 partial pressures and presum-
ably longer diffusion lengths (Supplementary Fig. 11). Unlike pitch,
the aspect ratio depends on the total growth time as well as tempera-
ture, preventing a more quantitative analysis at the moment. Future
modelling that accounts for the differences in surface facet energies,
anisotropic diffusion lengths and the ratio of the diffusion lengths
to surface facet lengths should enable more controlled anisotropic
periodic shell growth.

We also explored P–R crystal growth of Ge periodic shells on
Ge cores. Deposition of Ge onto 50 nm Ge nanowire cores with
GeH4 partial pressures ∼20 times lower than used for conformal
Ge shell growth1 yields periodic shell structures consistent with
our model. An SEM image of a Ge periodic shell structure
(Fig. 3h) grown at a GeH4 partial pressure of 20 mtorr exhibits a
pitch of 610 nm and an aspect ratio of ∼1.5. Although P–R crystal
growth of Ge periodic shell structures is more challenging than
for Si, the fact that periodic Ge shells are obtained for a range of con-
ditions (for example, 500–600 °C) suggests that the general concepts

of surface energy minimization coupled with suitably long diffusion
lengths will be applicable to the homoepitaxial growth of periodic
shells on a wide range of one-dimensional materials.

Optical properties of diameter-modulated nanowires
One example of how P–R crystal growth can impart enhanced
functionality is evident from the optical properties of diameter-
modulated versus uniform-diameter nanowires4,7,38. A dark-field
optical microscopy image of a 6-μm-pitch periodic structure with
205 nm inner and 260 nm outer diameters (Fig. 4a) shows a
modulation in the colour of the scattered light coincident with the
shell diameter modulation. The regions of different diameter
efficiently scatter (and absorb) distinct wavelengths of light. In
addition, a dark-field image of a much shorter ∼450-nm-pitch
periodic nanowire with 30 nm inner and 150 nm outer diameters
(Fig. 4b; structural parameters determined from an SEM image of
the same nanowire) shows a single scattering colour with the
intensity maxima and modulation correlated with the outer
diameter region and pitch, respectively.

To understand these images and the potential for controlling
optical properties with periodic shell structures, we carried out
finite-difference time-domain (FDTD) simulations (see Methods
and Supplementary Methods). First, simulations of the absorption
spectra for the long-period nanowire (Fig. 4c, dimensions from
the nanowire in Fig. 4a) highlight the distinct absorption properties
of the inner (grey) and outer (blue) shells. The absorption peaks
found at distinct wavelengths for the inner and outer segments,
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Figure 5 | P–R crystal growth of periodic shell heterostructures. a–c, SEM images of Ge periodic shells on Si nanowire cores with diameters of 30 nm.
Ge was deposited at 520 °C with H2 flow rate of 60 s.c.c.m. and GeH4 flow rates/partial pressures of 40 s.c.c.m./16 mtorr (a), 8 s.c.c.m./4mtorr (b) and
1 s.c.c.m./0.5mtorr (c). Scale bars, 200 nm. d, Left: TEM image of a Si/Ge core/periodic shell nanowire with average pitch of ∼500 nm. Scale bar, 20 nm.
Right: High-resolution TEM image of the area indicated by the white box. Scale bar, 5 nm. Inset: FFT from core–shell region.
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which give rise to the variation in colour observed in the dark-field
image in Fig. 4a, correspond to resonant modes supported in these
different-diameter regions. The optical resonant absorption mode
profiles (Fig. 4c, inset) at 445 nm (denoted 1) and 490 nm
(denoted 2) illustrate the spatially distinct light absorption in the
inner versus outer shell. Second, simulations carried out for the
short-period nanowire show that resonant absorption peaks are
only observed for the larger outer diameter portion of the periodic
structure, with little or no mode intensity sustained in the ∼30-nm-
diameter inner region (Fig. 4d, inset). Localized, spatially
non-uniform axial absorption peaks are not observed for
uniform-diameter Si nanowires. We suggest that these periodic
shell nanowires structures could provide unique opportunities for
optomechanical studies39,40. Specifically, their ability to sustain sig-
nificant light confinement within the outer shells while having a
reduced mass compared to uniform-diameter structures would be
advantageous, as uniform-diameter nanowires with equivalent
mass would be unable to support such optical confinement.
Reducing the mass for optomechanics allows for higher mass detec-
tion limits40,41 for resonator sensors and for probing quantum-
limited mechanical motion and coherently cooling or amplifying
the mechanical motion of resonators39.

Finally, FDTD simulations were used to explore short-period
structures where the inner region is sufficiently large to sustain res-
onant absorption modes. Interestingly, with the inner/outer dimen-
sions of the periodic shell nanowire in Fig. 4a but with pitches
<500 nm (Supplementary Fig. 12), high-amplitude peaks emerge
at wavelengths >700 nm that can be assigned as coupled grating
modes42. The calculated absorption efficiency for such a periodic
shell nanowire is 0.7 at 929 nm, and bulk Si would require a thick-
ness of ∼50 μm to yield the same absorption efficiency. These results
suggest that similar periodic shell nanowires with enhanced and
tunable near-infrared absorption could be exploited for photo-
detectors and other optoelectronic devices. Furthermore, although
lithography can impose grating structures in two dimensions, a
unique advantage of P–R crystal growth is the capability to realize
fully three-dimensional gratings with tunable anisotropy and,
moreover, to prepare periodic shells on the vertical nanowire
arrays currently being explored for solar energy conversion3 and
structural colour43.

Diameter-modulated heterostructures and outlook
We have also explored the applicability of P–R crystal growth to the
synthesis of core/periodic shell heterostructures. SEM images of a
nanowire produced after introduction of GeH4 at low pressures fol-
lowing the growth of 30-nm-diameter Si cores (Fig. 5a–c) clearly
shows the growth of Ge periodic shells on Si cores. Growths at a
fixed temperature of 520 °C with GeH4 flow rates/partial pressures
of 40 s.c.c.m./16 mtorr (Fig. 5a), 8 s.c.c.m./4 mtorr (Fig. 5b) and
1 s.c.c.m./0.5 mtorr (Fig. 5c) yielded periodic heterostructures with
pitches of ∼0.3, 0.9 and 2.4 μm, respectively. This observation of
increasing pitch with decreasing reactant flow rate is consistent
with the trend observed for Si periodic shell structures (Fig. 2a)
and our model. A complete understanding of the energetics of the
heterostructure growth will require consideration of other factors,
including the relative energy densities of Si and Ge surfaces and
the strain/interfacial energies19,20. In fact, it is likely that interfacial
strain energy terms help to drive the formation of periodic shells,
which is supported by the absence of Ge growth on the Si core
between the Ge periodic shells (in contrast with our homoepitaxial
Si/Si or Ge/Ge periodic shell structures), as observed in SEM
(Fig. 5a–c) and TEM (Fig. 5d) images. Higher-resolution TEM
images (Fig. 5d, right) and fast Fourier transform (FFT) analysis
of the area suggest that the Ge shells are crystalline and grow
epitaxially on the Si core, as indicated by the clear lattice fringes
and two sets of related ‘diffraction’ spots in the FFT. To the best

of our knowledge, our results are the first demonstration of
pitch-controlled growth of radially conformal, Ge periodic shells
on a Si core. The potential diversity of nanowire heterostructures
combined with the empirical rules for P–R crystal growth
demonstrated above suggest that periodic shell nanowire hetero-
structures represent a rich area for synthetic, physical measurement
and theoretical exploration in the future.

In summary, we have presented a growth phenomenon that is
fundamentally unique to one-dimensional materials: P–R crystal
growth. Compared to previous reports of conformal shell growth,
the deposition of shells at lower pressures and higher temperatures
yields periodic shell structures for several core–shell material com-
binations, including Si on Si, Ge on Ge and Ge on Si, over a wide
range of core diameters (20–100 nm). Tuning shell deposition con-
ditions allows for a morphological control that is unprecedented
compared to other synthetic methods with respect to both the
range and number of controllable features (pitches from 400 nm
to >12 μm, cross-sectional anisotropies from 1:1 to 4:1 and modu-
lation amplitudes up to ∼8:1). Our studies strongly suggest that per-
iodic shell structures tend to minimize surface energy as long as
lower-energy structures are kinetically accessible. The thermodyn-
amic aspect of this model stems solely from a geometric conse-
quence of adding volume to a one-dimensional structure and thus
indicates a broad potential scope of P–R crystal growth, whereby
periodic shells can reduce the surface area of a growing crystal irre-
spective of the size, material composition (for example, semicon-
ductor, metal or dielectric) or origin of the one-dimensional
substrate (vapour–liquid–solid (VLS) grown, top-down etched,
and so on) and independent of the shell deposition process (chemi-
cal vapour deposition, solution-phase and similar). Thus, we expect
our findings to have implications for material combinations and
applications well beyond those mentioned here and, more generally,
to illustrate the importance and opportunities in understanding
the thermodynamics and kinetics unique to crystal growth on
nanowires and other low-dimensional systems.

Methods
Si core nanowires were synthesized as described previously via the metal
nanocluster-catalysed VLS mechanism44. Following core growth, the furnace
temperature was ramped to 700–850 °C for periodic shell growth. At this
temperature, shells were grown for 1–60 min at ∼0.3 torr with gas flow rates of
0.15–10 s.c.c.m. SiH4 and 0–200 s.c.c.m. H2. For some syntheses, phosphine
(PH3; 1,000 ppm in H2) was introduced to the reactor during shell growth at
0.5–20 s.c.c.m. flow rates. Ge core nanowires were typically synthesized from 50 nm
Au catalysts at a total pressure of 300 torr with 200 s.c.c.m. H2 and 20 s.c.c.m.
germane (GeH4; 10% in H2) flow rates. Ge cores were nucleated for 5 min at 330 °C
and grown for another 50 min at 270 °C. To grow Ge periodic shells, the temperature
was increased to 450–600 °C and the pressure decreased to ∼0.3 torr with GeH4 flow
rates of 20–40 s.c.c.m. End-on-view SEM images of periodic shell nanowires were
recorded directly from the as-synthesized growth wafers. For plan-view SEM images
and nanowire pitch measurements, nanowires were transferred to Si3N4-coated Si
wafers. For TEM, scanning TEM (STEM) and electron diffraction analysis,
nanowires were transferred to amorphous carbon-coated copper TEM grids. EDS
maps were collected at a resolution of 512 × 400 using 400 ms dwell time per pixel in
commercial EDAX Genesis software.
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