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Atomic layer deposition (ALD) is a thin-film technique based on
complementary surface reactions between two thermally stable but
mutually reactive gaseous molecules introduced in alternating fashion
into the reaction chamber.1 It offers the unique possibility of coating
substrates of complex geometries conformally. The vapor-liquid-solid
mechanism (VLS), on the other hand, occurs when gas molecules
thermally decompose into their elements at a catalytic droplet and
dissolve into it to form a eutectic mixture from which the desired solid
crystallizes.2 Here, the growth is anisotropic and yields nanowires.
Although conformal and anisotropic modes of deposition are opposed
in most aspects, we demonstrate in this work the possibility of a
continuous transition between them, and we apply the insight gleaned
from our investigation to the creation of original wire heterostructures.

Nanowire junctions, the functional building blocks for creating
devices,3 are created most simply in either the axial or radial direction
(two segments or core-shell). The former structure is usually grown
in VLS mode at a temperature slightly above the relevant eutectic
temperature but usually below the temperature for uncatalyzed
decomposition of the precursor molecules. In contrast to this, a shell
is usually grown around an existing wire at an elevated temperature
in order to allow for efficient, uncatalyzed, isotropic decomposition
of the precursors. The effect of the catalyst particle may in that case
result in a tapered nanowire.4 The self-limiting nature of ALD, the
alternative for growing a shell, necessitates that uniform coatings,
mostly amorphous ones, be obtained. Crystalline coatings have been
obtained under the label “atomic layer epitaxy” (ALE) at growth
temperatures typically g300 °C.5

The testbed chosen for our study was a material system of relevance
to thermoelectric and photovoltaic applications: antimony sulfide/
selenide.6 For Sb2S3, we were able to establish both the ALD and
VLS growth modes from a single set of precursors, namely, tris(dim-
ethylamino)antimony, (Me2N)3Sb, and hydrogen sulfide, H2S, at 90
and 350 °C, respectively.7 This implies that between those two
temperatures, the system undergoes a transition from ALD to VLS.
We first used as the substrate Sb2Se3 nanowires grown by 500 cycles
of Au-catalyzed pulsed VLS (Figure 1a). These nanowires were single-
crystalline with the c axis of the orthorhombic structure parallel to
their long axis. After the nanowires were cooled, 500 cycles of Sb2S3

ALD carried out at 90 °C deposited a homogeneous shell, as is evident
from the increased diameter shown in the scanning electron microscopy
(SEM) image in Figure 1b. The transmission electron microscopy
(TEM) image in Figure 1c shows that the entire nanowire structure,
including the gold catalyst, was covered with a smooth shell having a
thickness of 25-30 nm, consistent with isotropic ALD growth at the

previously determined deposition rate (0.58 Å cycle-1).7a The energy-
dispersive X-ray fluorescence (EDX) line scan performed perpendicular
to the longitudinal direction revealed a sharp interface between the
Sb2Se3 core and the Sb2S3 shell (Figure 2a). No Se was detected in
the shell. The atomic planes visible in the shell by high-resolution TEM
(HRTEM; Figure 2b) reveal that in contrast to our ALD of Sb2S3

performed between 65 and 150 °C on other substrates, the ALD layer
on the Sb2Se3 wires was crystalline and consisted of one solid crystal
with its c direction running parallel to the long axis, including on the
Au sphere. This establishes the low-temperature ALE of Sb2S3 on a
nonplanar single-crystalline substrate. The epitaxy is made possible
by the common crystal structure of Sb2S3 and Sb2Se3. The almost
isotropic lattice mismatch of 3-4%, however, must cause a very
significant elastic strain. The crystallinity of both the selenide and
sulfide components in the core-shell structures was confirmed on the
ensemble scale spectroscopically (Figure S1 in the Supporting Infor-
mation). In micro-Raman spectroscopy, the core-shell sample featured
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Figure 1. Conformal heteroepitaxial deposition of Sb2S3 at 90 °C onto Sb2Se3

wires. (a, b) SEM and (c) TEM images of (a) the substrate and (b, c) the
core-shell wires.

Figure 2. Conformal heteroepitaxial deposition of Sb2S3 at 90 °C onto Sb2Se3

wires. (a) EDX line scan across a core-shell wire (pictured underneath the
graph); the vertical axis displays the signal intensities recorded for the elements
Se, Sb, and S in purple, black, and green, respectively. (b) HRTEM image of
the extremity of a wire, displaying the dark Au particle and identifying the
crystallographic c axis parallel to the long axis of the wire.
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signals observed from the pure wires (186 and 252 cm-1 for Sb2Se3;
147, 278, and 302 cm-1 for Sb2S3) without the broadening that would
be expected from the presence of amorphous or intermixed material.8

A change in the growth morphology was observed at the slightly
more elevated temperature of 120 °C. The sample obtained after the
Sb2Se3 wires were subjected to the conditions of Sb2S3 ALD at 120
°C (500 cycles; Figure 3) showed a shell radially encapsulating the
selenide wires but also a considerable axial overgrowth at the tip. This
axial elongation occurred at the expense of the Sb2Se3/Au interface:
the metal catalyst was pushed sideways. Finally, when the experiment
was repeated at 160 °C, the growth of Sb2Se3 became purely uniaxial
in the crystallographic c direction. When 500 growth cycles were
carried out at 160 °C, a new segment with a length of several hundred
nanometers and a diameter similar to that of the selenide segment
elongated the wire from its tip (Figure 4). The Au particle remained
on the side at the height of the interface. EDX line scans attested to
the complete absence of radial growth within the last micrometer of
the structures, the purity of each segment, and the sharpness of the
interface perpendicular to the long axis of the structure. Inspection of
the wires at larger distances from the tips, however, revealed the
presence of Sb2S3 remnants randomly distributed as small crystallites
on the sides. In HRTEM images, no grain boundary was observed at
the selenide-sulfide interface, although a small number of wires

displayed a crack at the interface (Figure S2), most likely originating
from the epitaxial strain caused by the lattice mismatch between sulfide
and selenide.

A clarification is needed before a model is put forth to account for
these observations. Indeed, the low decomposition temperatures of
some amorphous V-VI compounds, whereby loss of the group VI
element takes place, suggests that Se might be exchanged for S under
the conditions of Sb2S3 ALD. However, this scenario can be excluded
on the basis of experiments in which Sb2Se3 wires were kept at 160
°C overnight either under continuous pumping or with hydrogen sulfide
regularly pulsed into the vacuum. Both procedures left the wires and
the gold tips unscathed structurally and without trace of S in EDX
line scans. Thus, we conclude that the Sb2S3 material obtained after
the (Me2N)3Sb + H2S step (whether at 90, 120, or 160 °C) was
exclusively deposited onto the selenide substrate. The crystallinity of
the sulfide deposit observed at 90 °C contrasts with the results obtained
in the case of amorphous substrates and suggests that the deposited
solid has a significant mobility and crystallizes quickly during the
deposition. Increasing the temperature thus enhances surface diffusion
during deposition and thereby emphasizes the consequences of the
lattice driving force over those of the chemical reaction. The larger
thermal budget enables the crystal facet of highest energy to attract
material from the other faces. We found by density functional theory
methods that the surface tensions of both Sb2S3 and Sb2Se3 are larger
on their c planes (at the wire extremities) than on the a and b planes
(on the sides of the cylinder) by 20-58%,9 in agreement with the
experimental results available.10 At the higher temperature, the crystal
directs the growth, which becomes completely anisotropic: the tip
collects the material initially deposited along the whole wire, as may
also be the case in some cases of standard VLS growth.11 We note
the possible advantages offered by this method of growing segmented
wires in comparison with the traditional consecutive VLS steps. First,
it directly prevents the undesired incorporation of catalyst material into
the second segment and its concomitant tapering.12 Second, all of the
material dissolved in the catalyst drop crystallizes out of it upon cooling
before the second growth step. This elegantly circumvents the
“reservoir” effect that otherwise smears out the interface.13 The
mechanism driving the lateral motion of the catalyst cannot be
determined from our data. Such motion has, however, been investigated
previously in other materials systems.14 It was shown to arise when
gold has a lower interfacial energy with the first segment than with
the second one.

If the considerations above are correct and also apply to the
homoepitaxy of Sb2S3, then we can foresee the appearance of a novel
geometry. Indeed, VLS-grown Sb2S3 wires furnish a substrate comple-
mentary to their Sb2Se3 counterparts in that they mostly grow in the
b direction (instead of c), as shown by HRTEM (Figure S3). Thus,
homoepitaxial c-selective deposition at 160 °C should result in
anisotropic lateral growth. Indeed, after deposition at 160 °C onto
the c faces exposed on the sides, the wire cross section is a rectangle.
Its shorter side equals the diameter of the gold catalyst, which is left
at the tip (Figure 5c-e). The temperature for the onset of anisotropic
growth (65-90 °C) is lower than in the heteroepitaxial case. This
difference may originate from the diffusion distances, which are
micrometers along the length of a wire but only tens of nanometers
on its sides.

Thus, our observations indicate that on a suitable substrate, the
crystal energy becomes prevalent in the thermodynamics of the thin-
film growth initially thought of as “atomic layer deposition”. Surface
diffusion enables the experimentalist to balance it with the ubiquitous
driving force of the chemical reaction to obtain epitaxial growth at
exceptionally low temperatures. Furthermore, one can take control of
the growth morphology and tune it at will between completely

Figure 3. At 120 °C, conformal and anisotropic heteroepitaxial growths of
Sb2S3 onto Sb2Se3 wires coexist, as shown by (a) TEM and (b) HRTEM images
of one such structure. The region of (a) chosen for closer investigation in (b)
is marked by a rectangle.

Figure 4. Perfectly anisotropic heteroepitaxial deposition of Sb2S3 onto Sb2Se3

wires at 160 °C. (a) SEM and (b) TEM images. (c) HRTEM images near the
interface, in which no crystal defect is visible. (d) EDX linescans of the
segmented wire. The radial scans show the absence of S (green) in the Sb2Se3

segment and of Se (purple) in Sb2S3; the axial scan, scaled to display the
stoichiometry, shows an interface more abrupt than the EDX resolution.
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conformal and perfectly uniaxial. As a bonus, judicious exploitation
of surface energy effects can deliver unusual geometries, such as the
rectangular wires converted from their cylindrical parents. Thus, the
deposition of only two compounds, Sb2S3 and Sb2Se3, under various
conditions using different combinations of two distinct growth modes
enables one to create a wide variety of structures, including wires,
tubes, core-shell wires, segmented wires, and rectangular wires (Figure
6). In all heteroepitaxial cases, the interface appears to be experimen-
tally perfect, that is, it displays no crystal defects. No interdiffusion of
the two materials is observed, in contrast to what has been shown to
happen in many other cases.15

The core-shell structures presented here demonstrate the possibility
of driving ALE at temperatures well below those used to date.16 The
growth of the double-segment structure relies on the high crystal
anisotropy of a layered solid, which drives perfectly anisotropic growth
in a manner reminiscent of the solvothermal growth of wires and
rods.17 The catalytic droplet is thus used to define the nanowire
diameter initially, and then the face of highest surface energy is exposed
for the growth of a second segment. We expect that this method will
be adapted to other material systems featuring highly anisotropic crystal
structures.
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Figure 5. Homoepitaxial deposition of Sb2S3 is isotropic at 65 °C (a, b) and
results in a cylindrical structure, whereas at 160 °C (c-e) it is selective for the
c plane and yields wires with a rectangular cross section. Scale bars: 200 nm.
(a, c, d) SEM images; (b, e) TEM images.

Figure 6. Structural variety of elongated antimony sulfide and selenide
achieved under various growth conditions and combinations: (a) tubes by ALD
in a porous template;7b (b, c) Sb2S3 and Sb2Se3 wires by VLS;7a (d) segmented
wires by two consecutive VLS steps;7a (e) core-shell wire by conformal
heteroepitaxy of Sb2S3 on Sb2Se3 at 90 °C (Figures 1 and 2); (f) segmented
wire with core-shell component by deposition of Sb2Se3 at 120 °C (Figure
3); (g) segmented wires by anisotropic heteroepitaxy of Sb2S3 on Sb2Se3 at
160 °C (Figure 4); (h) rectangular wires by homoepitaxy of Sb2S3 at 160 °C
(Figure 5).
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