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ABSTRACT 
Chemical vapor deposition (CVD) is one of the most versatile techniques for the controlled synthesis of functional nanomaterials. 
When multiple precursors are induced, the CVD process often gives rise to the growth of doped or alloy compounds. In this work, 
we demonstrate the self-assembly of a variety of ‘phase-separated’ functional nanostructures from a single CVD in the presence of 
various precursors. In specific, with silicon substrate and powder of Mn and SnTe as precursors, we achieved self-organized 
nanostructures including Si/SiOx core-shell nanowire heterostructures both with and without embedded manganese silicide 
particles, Mn11Si19 nanowires, and SnTe nanoplates. The Si/SiOx core-shell nanowires embedded with manganese silicide particles 
were grown along the <111> direction of the crystalline Si via an Au-catalyzed vapor-liquid-solid process, in which the Si and Mn 
vapors were supplied from the heated silicon substrates and Mn powder, respectively. In contrast, direct vapor-solid deposition led 
to particle-free <110>-oriented Si/SiOx core-shell nanowires and <100>-oriented Mn11Si19 nanowires, a promising thermoelectric 
material. No Sn or Te impurities were detected in these nanostructures down to the experimental limit. Topological crystalline insulator 
SnTe nanoplates with dominant {100} and {111} facets were found to be free of Mn (and Si) impurities, although nanoparticles and 
nanowires containing Mn were found in the vicinity of the nanoplates. While multiple-channel transport was observed in the SnTe 
nanoplates, it may not be related to the topological surface states due to surface oxidation. Finally, we carried out thermodynamic 
analysis and density functional theory calculations to understand the ‘phase-separation’ phenomenon and further discuss general 
approaches to grow phase-pure samples when the precursors contain residual impurities. 
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1 Introduction 
Nanostructured solid-state materials often possess enhanced 
functional properties over their bulk counterparts and are the 
foundation of nanoscience and nanotechnology [1]. The most 
prominent example is the one-dimensional (1D) silicon 
nanowires which are promising building blocks for nanoscale 
devices including field effect transistors [2–4], solar cells [5, 6], 
lithium batteries [7], and thermoelectric devices [8, 9]. Adding 
metal nanoparticles or quantum dots into 1D silicon-based 
nanowires adds substantially more functionalities to the system, 
through for example surface plasmonic effects or quantum 
confinement, and hence offers great potential for optoelectronic  
and sensing applications [10–15]. Intermetallic silicide com-

pounds (e.g., manganese silicides) are another important family 
of silicon-based materials with a broad spectrum of intriguing 
physical (e.g., spintronic and thermoelectric) properties that 
can also be enhanced via nanostructuring [16–19]. Another 
remarkable material system in which nanostructuring enhances 
properties is the so-called topological (crystalline) insulators 
such as Bi2Te3 and SnTe [20–26] which have insulating bulk 
but metallic surface states. As an example, the metallic surface 
states in SnTe are topologically protected by crystalline 
symmetries [20] and can be manipulated by elastic strain 
engineering, offering great potential for tunable electronic 
applications. Nanostructures are highly desired for magnifying  
topological surface conduction because of their large surface- 
area-to-volume ratio and high flexibility under mechanical 
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stress [27–39].  
One of the most effective techniques to synthesize these 

functional nanomaterials is the chemical vapor deposition 
(CVD) which often involves either a vapor-liquid-solid (VLS) 
process, a direct vapor-solid (VS) deposition, or both. For 
example, Au-catalyzed VLS with a gaseous precursor (e.g., silane) 
has been widely used to grow Si nanowires of high crystalline 
quality [40–46]. Topological crystalline insulator (TCI) nano-
wires and nanoplates were also successfully grown using their 
corresponding powder as precursors via a VLS process that is 
often accompanied with direct VS deposition [27, 35–38]. With 
multiple precursors in a single CVD reactor, doped or alloyed 
nanomaterials can be grown in a controlled fashion [47]. This 
controllable chemical doping or alloying is one of the most 
important approaches to tune and tailor material properties. 
In this work, we demonstrate, on the other hand, the self- 
assembly of various ‘phase-separated’ nanostructures in the 
presence of multiple precursors in a single CVD system. Using 
silicon substrates and powder of Mn and SnTe as precursors, we 
achieved a variety of self-organized nanostructures including 
different types of Si/SiOx core-shell nanowire heterostructures, 
higher manganese silicide (Mn11Si19) nanowires, SnTe nanoplates, 
as well as Mn-containing nanowires and nanoparticles. The first 
type of Si/SiOx nanowires have embedded manganese silicide 
particles and were grown along the <111> direction via an 
Au-catalyzed VLS process. In contrast, direct VS deposition 
gave rise to the growth of a second type of Si/SiOx nanowires 
along the <110> direction without embedded particles, as well 
as <100>-oriented manganese silicide nanowires; none of which 
contains Sn or Te impurities down to the experimental limit. 
On the other hand, the TCI SnTe nanoplates with dominant 
{100} and {111} facets were grown free of Mn (or Si) impurities 
despite the deposition of Mn-containing particles and nanowires 
in their vicinity. The self-organization of phase-separated 
nanostructures in the presence of multiple precursors highlights 
the possibility of and provides a general guidance of achieving 
phase-pure growth even if the precursors contain considerable 
amount of unavoidable impurities. 

2 Experimental 

2.1 Synthesis 

The growth of various nanostructures was carried out via a 
vapor transport approach inside a three-zone tube furnace.  
A schematic of the experimental setup is shown in Fig. 1(a).  
Three zones are centered at −8” (zone 1), 0” (zone 2), and 8” 

(zone 3) respectively. Mn powder (Alfa Aesar, purity 99.95%) 
was placed in an alumina crucible upstream at −8” (zone 1 
center), and SnTe powder (Alfa Aesar, purity 99.999%) in an 
alumina crucible was located at 0” (zone 2 center) downstream. 
The growth substrates were cut from wafers (with or without 
dry thermal oxide) and were coated with Au nanoparticles 
(Ted Pella, diameter 50 nm). Two substrates were placed in the 
region between the two crucibles, and three were located 
downstream from the SnTe powder (from ~ 5” to ~ 14”); in some 
occasions, two more substrates were placed under the crucible 
with SnTe at 0” and from ~ 2” to ~ 5” respectively. The growth 
temperatures of the three zones (zones 1, 2, and 3) were set to 
1,050, 550, and 425 °C respectively. Zone 2 and zone 3 started 
ramping after zone 1 reached 1,050 °C and its temperature 
became relatively stable. The temperature profile measured 
independently is plotted in Fig. S1 in the Electronic 
Supplementary Material (ESM). Argon was used as the carrier 
gas at a flow rate of 20 sccm and the pressure was maintained 
at 30 Torr during the six-hour growth.  

2.2 Characterization 

The morphology and chemical composition of the nanostruc-
tures were characterized by a scanning electron microscopy (SEM) 
instrument (FEI Quanta 600F) equipped with an energy-dispersive 
X-ray spectroscopy (EDX) detector. Raman measurement was 
performed using a confocal Raman microscope system (Renishaw 
inVia) with a 532 nm laser at room temperature [48]. The Raman 
spectra were calibrated using the silicon peak at 520.5 cm−1. 
The spectrum of each point in the map was taken with a 
50× objective lens. Transmission electron microscopy (TEM) 
characterization was performed in a FEI Tecnai Osiris TEM 
equipped with a Super-X windowless EDX detector and operated 
at 200 kV. X-ray photoelectron spectroscopy (XPS) studies 
were performed using a PHI VersaProbe II instrument which 
was equipped with a focused monochromatic Al Kα source. 
All XPS spectra were calibrated using the carbon 1s peak at 
284.8 eV [48−50]. 

2.3 Device fabrication and electrical measurements 

The nanoplate devices were directly fabricated on the growth 
substrate with a dry thermal oxide layer. The alignment markers 
and electrodes were patterned by standard electron-beam 
lithography using SEM (FEI Quanta 600F with NPGS) [51]. 
After the exposed e-beam resist was developed in methyl 
isobutyl ketone (MIBK)/isopropyl alcohol (IPA), Ti and Au 
for the electrodes were subsequently deposited on the device  

 
Figure 1 (a) Schematic picture showing the experimental setup for chemical vapor deposition. The red, yellow and blue arrows represent the diffusion of 
the vapor from Mn, Si substrates and SnTe, respectively. (b)–(e) SEM images taken from the representative nanostructures at different substrate locations
in a single growth. The scale bar in the inset of (e) is 500 nm. 
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substrate by thermal evaporation (Boc Edwards Auto 306). 
The excessive metal was removed by a metal lift-off process in 
acetone. After connecting the gold pads of each plate in a 
Hall-bar configuration using a wire bonder, the sample was 
loaded into a physical property measurement system (PPMS, 
Quantum Design) for electronic transport measurements. A 
DC current of 10 mA was applied through the current leads of 
the sample and the polarity of the current was reversed for each 
measurement point to reduce the measurement error. The 
temperature dependence of the resistance was measured from 
300 to 2 K with a cooling rate of 2 K/min. Magnetoresistance 
and Hall effect measurements were then carried out at selected 
temperatures. During the measurements, the scan rate of the 
magnetic field was kept at 0.2 T/min in the entire measurement 
range from –9 to 9 T. The symmetric component and the 
asymmetric component of the field-scan results were subsequently 
extracted to obtain the magnetoresistance and the Hall effect 
for each given temperature, respectively. The dimensions of the 
devices were characterized by atomic force microscopy (AFM) 
(Digital Instruments DimensionTM 5000). 

2.4 Density functional theory calculations 

Density functional theory (DFT) calculations were performed 
with Vienna Ab initio Simulation Package (VASP). Projector 
augmented wave (PAW) method, generalized gradient appro-
ximation (GGA), and Perdew-Burke-Ernzerhof (PBE) functional 
were used in this calculation. For Sn and Mn, s and d semi-core 
states are treated as valence states, respectively. The cut-off on 
kinetic energy for the plane waves basis set was set to 400 eV. 
For the calculation of the SnTe unit cell, a 12×12×12 MP k-points 
grid was used. For other calculations, the same k-point density 
was maintained. The self-consistent computation and geometry 
optimization were stopped with criteria of an energy change 
smaller than 10−6 eV and the force on atoms smaller than 
0.001 eV/Å, respectively. The optimized lattice constant is 
6.4075 Å, and the total energy of a Sn-Te pair was –7.5657 eV, 
consistent with previous studies [27]. 

3 Results and discussions 
A variety of phase-separated nanostructures including manganese, 
silicon/silicon oxide, manganese silicide, and tin telluride were 
realized in a single CVD, in which the Mn powder, silicon 
substrates, and SnTe powder all served as precursors. In the 
three-zone tube furnace-based CVD setup (Fig. 1(a)), Mn and 
SnTe were placed in the center of zone 1 (−8”) and zone 2 (0”), 
respectively, and the silicon substrates (either with or without 
a dry thermal oxide layer) were placed between them and 
downstream. SEM images of some typical nanostructures 
obtained from a representative growth are shown in Figs. 1(b)– 
1(e). Between zone 1 and 2, Mn-based microcrystals are densely 
distributed on the first substrate located from ~ −6” to −4”  
(Fig. 1(b), Figs. S2(a) and S3 in the ESM). The microcrystals 
were shown to contain Mn, and no Sn or Te impurities were 
detected by EDX or the more sensitive XPS from these 
microcrystals (Figs. S2(a) and S7 in the ESM). High density  
of nanowires with different morphologies were grown on the 
second substrate located from ~ −4” to −1” (Fig. 1(c), and Fig. S4 
in the ESM). These nanowires are rather thin, making detailed 
compositional characterization on each of them using SEM-based 
EDX challenging (Fig. S2(b) in the ESM). Nevertheless, XPS 
on a large area of such nanowires revealed that they contain a 
strong signal of Si along with weak Mn peak, but free of Sn or 
Te (Fig. S8 in the ESM). Furthermore, as will be demonstrated 
later by TEM studies, these nanowires are Si/SiOx core-shell 

heterostructures and manganese silicide compound. On the 
substrates placed from ~ 5” to ~ 14” near zone 3, we obtained 
SnTe nanoplates (Fig. S5 in the ESM) as well as a relatively 
lower density of straight nanowires (Fig. S6 in the ESM). A 
typical nanoplate is shown in the SEM image of Fig. 1(d). The 
nanoplate has a well-defined shape with a lateral dimension  
of tens μm. EDX shows strong signals of Sn and Te from the 
nanoplate, while Mn peaks are not detected (Fig. S2(c) in the 
ESM). Figure 1(e) shows a straight nanowire with a length   
of ~ 38 μm and a diameter of ~ 587 nm. In contrast to the 
nanoplates, the straight nanowires contain Mn, but not Sn or 
Te (Fig. S2(d) in the ESM).  

Because of their abundance in our growth and their 
functional properties in general, our focus in the following 
discussion will be on the Si-based nanowires and SnTe-based 
nanoplates. In particular, more systematic compositional and 
structural characterizations were carried out at the atomic 
scale to demonstrate their phase separation and to understand 
their growth mechanisms. We focus first on the three types of 
Si-based nanowires observed on the growth substrate located 
between ~ −4” and ~ −1”. The type-1 nanowires are Si/SiOx 
core-shell heterostructures, which appear to be curvy with a 
diameter of tens nm. Catalyst particles were observed at the 
tip of these nanowires. TEM-EDX taken from a representative 
nanowire suggests that the nanowire body is composed of Si 
and O, while the catalyst particle at the tip of the nanowire 
contains mainly Au and Mn, as shown in Fig. 2(a) and Fig. S9 in 
the ESM. Although EDX mapping (Fig. 2(a)) seems to indicate 
an oxygen signal in the catalyst particle, the corresponding 
spectrum (Fig. S9(b) in the ESM) shows a broad background 
instead of a characteristic peak at the oxygen edge; therefore, 
the concentration of oxygen (if any) is negligible in the catalyst 
particle. Neither Sn nor Te is detected in the nanowires or in 
the nanoparticles. The Si/SiOx nanowires may be grown via 
diffusion of atoms from the silicon substrate or through a 
VLS process which requires the creation of Si vapor. The 
latter mechanism is supported by the observation of pits on 
the Si substrates (Fig. S10 in the ESM) and the existence of  
a nanoparticle at the nanowire tip. In other words, these 
nanowires were grown using Au as the catalyst and Si as both 
the precursor and the substrate. The growth process is hence 
different from the conventional Au-catalyst VLS which often 
involves the decomposition of hash chemical gases (e.g., SiH4 
or SiCl4) [45] and the oxide-assisted growth, in which silicon 
oxide, instead of Au, promotes the nucleation and growth [52]. 

We further carried out a control experiment without SnTe 
in zone 2 to understand its influence on the Si/SiOx nanowire 
growth. As shown in Fig. S11 in the ESM, nanowires with 
similar morphology were grown from the substrate, indicating 
a negligible influence of SnTe on the growth of Si nanowires 
although tellurium may facilitate the sublimation of silicon [53]. 
EDX mapping at the nanowire body shows that the wire is 
Si-rich in the core and O-rich towards the surface (Fig. 2(b)), 
confirming a Si/SiOx core-shell heterostructure. A closer look 
of the mapping in Fig. 2(a) indicates the existence of a Mn-rich 
nanoparticle in the Si/SiOx nanowire near the alloy particle. 
This can be seen more clearly in Fig. 3(a), in which the Mn-rich 
particle is in the body of the Si/SiOx core-shell nanowire. Since 
the silicon signal does not diminish in the particle region, it is 
reasonable to believe that the particle is manganese silicide 
alloy. High-resolution TEM (HRTEM) images in Figs. 3(b) 
and 3(c) suggest that the Si core is crystalline whereas the SiOx 
shell is amorphous. The fast Fourier transform (FFT) taken in 
the Si core region (inset of Fig. 3(c)) indicates that the nanowire 
was grown along the <111> direction, which is the dominant  
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growth direction for Au-catalyst of Si nanowires [54]. Stacking 
faults were observed on the [11

＿

1] plane, as evidenced by the 
parallel lines with dark contrast in the HRTEM image and 
the corresponding stripes in the FFT pattern (Fig. 3(c) and its 
inset). The FFT taken in the particle region contains two sets 
of patterns: one from Si and the other from manganese silicide 
alloy (inset of Fig. 3(b)). To verify if the manganese silicide 
nanoparticles are embedded in the nanowires, TEM studies 
were performed with the sample being tilted along x and y 
axes. Four images were taken with the tilting angle of the two 
axes oriented at either −30° or 30°. As seen clearly in Fig. S12 in 
the ESM, from all the viewing directions, the bright particles 
are always observed inside the nanowire, which suggests that 
they are indeed embedded in the nanowire. Figure S13 in the 
ESM shows the EDX mapping of these particles and four 
additional nanowires with particles embedded in their bodies 

to justify the statistical significance. 
The second type of nanowires are also Si/SiOx core-shell 

heterostructures but with a distinct morphology. As shown in 
Fig. 4(a), and Fig. S14 in the ESM, the nanowires’ cores are 
long, straight, and surrounded by a shell with sawtooth-like 
edges. The EDX mapping in Fig. 4(c) reveals that the core of the 
nanowire is dominated by Si, while the shell of the nanowire is 
composed of Si and O, with no Mn, Sn or Te signal detected in 
the body of the nanowire. Therefore, the chemical identity of 
type-2 nanowires is similar to that of type-1, with a Si core and 
silicon oxide shell, although no manganese silicide alloy particle 
is observed in this case. In contrast to the type-1 nanowires, 
the Si core in the type-2 is found to be grown along its <110> 
axis (Fig. 4(b)). The absence of Au nanoparticle at the 
nanowire tip indicates a direct VS growth rather than the 
Au-catalyzed VLS. The oxide shell is much thicker than a typical 

 
Figure 2 High-angle annular dark-field (HAADF) images and EDX mapping of individual elements taken from (a) the tip of a representative type-1 
nanowire, as well as (b) the body of another representative type-1 nanowire. The oxygen signal in the core region is collected from the front and back of
the nanowire in the direction of electron beam. 

 
Figure 3 (a) HAADF image and the corresponding EDX mapping taken on a representative Si/SiOx nanowire grown without using the SnTe precursor. 
(b) HRTEM image of the same Si/SiOx nanowire with an embedded nanoparticle. The inset shows an FFT pattern that contains spots from Si (red circles) 
and from the particle (the rest). (c) HRTEM image of another representative Si/SiOx nanowire in a region without the embedded nanoparticle. The red 
arrows denote stacking faults on the [11

＿

1] plane. 
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native silicon oxide layer, hence it is unlikely to be formed 
due to post-oxidation after growth. Instead, the well-defined 
sawtooth-like edges imply that the oxide shell is formed at an 
elevated temperature. Therefore, the growth may be attributed 
to an oxide-assisted process [55–57] in which the background 
oxygen in the CVD system plays an important role. In brief,  
a crystalline SiO nanowire is first formed via a direct VS 
process in the presence of silicon vapor and oxygen from the 
background followed by a separation of crystalline Si core and 
amorphous SiO2 shell as a result of the chemical reaction SiO + 
SiO = Si + SiO2 [55–57]. As previously demonstrated, one of 
the dominant growth directions of the nanowires grown by 
the oxide-assisted process is <110> [52], consistent with our 
observation here. The existence of a thick oxide layer in the 
Au-catalyzed, type-1 nanowires also indicates the presence of a 
considerable amount of residual oxygen in the growth process. 

Beyond Si/SiOx core-shell heterostructures, we have also 
achieved nanowires of higher manganese silicide (Mn11Si19) 
which is a promising thermoelectric material [17]. Figure 5 
shows the TEM images of a representative nanowire which is 
smooth and straight with a length of ~ 1 μm and a diameter of 
~ 79 nm. No Au particles are observed on either end of the 
nanowire, again indicating a direct VS growth. The nanowire 
body is single crystalline as evidenced by the clear atomic 
fringes in the HRTEM image (Fig. 5(b)) and the diffraction 
spots in the FFT (Fig. 5(c)). The EDX mapping in Fig. 5(d) 

reveals that the nanowire is composed of uniformly distributed 
Si and Mn elements, and the outer region of the nanowire has 
a thin layer dominated by oxygen. Based on the FFT and EDX 
mapping, we conclude that this type of nanowire is single- 
crystalline Mn11Si19 grown along [100] direction and covered 
by a thin layer of oxide on its surface. The oxide layer in the 
Mn11Si19 nanowire is much thinner than that of the type-1 and 
-2 nanowires and is likely due to post-oxidation at an ambient 
environment. This indicates that the manganese silicide alloy 
compound is less prone to oxygen than the Si. More TEM 
images of type-3 nanowires are presented in Fig. S15 in the ESM. 

One may think that the absence of Sn or Te (down to the 
experimental limit) in the three types of Si-based nanowires is 
simply because the nanowires were upstream in the carrier gas 
flow where the Sn or Te vapor could not reach; however as 
shown in Fig. S16 in the ESM, vapors from the downstream 
SnTe powder can easily diffuse upstream in a typical CVD. 
The absence of Sn and Te in the three types of nanowires may 
be attributed to two related reasons: 1) in the entire growth 
process, the upstream substrates, where the Si-based nanowires 
grow, are at a higher temperature than the solid SnTe precursor 
downstream; 2) Sn and Te have vapor pressures that are orders 
of magnitude higher than that of Si at the same temperature 
(e.g., PSn: ~ 3 × 10−5 Torr and PTe2: 4–5 × 102 Torr versus PSi : 
1–2 × 10−8 Torr at ~ 925 °C) [58]. As a result, the vapor to solid 
reaction rate for Si on the upstream substrates is significantly 

 
Figure 4 (a) Low magnification TEM image, (b) HRTEM image and FFT, (c) HAADF image and EDX mapping of individual elements taken from
representative type-2 nanowires. 

 
Figure 5 (a) TEM image of a representative type-3 nanowire. (b) HRTEM image and (c) FFT taken from a part of the nanowire body. (d) HAADF image
and EDX mapping of individual elements taken from the nanowire body. 
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higher than that for Sn and Te, which can result in low Sn  
and Te concentration down below the detection limit in the 
nanowires grown via a VS process. The absence of Sn and Te 
in the type-1 nanowires and the corresponding Au catalyst 
particles also suggests a much lower absorption rate of these 
two species in the Au liquid droplet, in comparison to the Si.  

Another interesting feature of the type-1 Si/SiOx core-shell 
nanowires is the formation of manganese silicide alloy particles 
in the crystalline Si cores. According to the Mn-Si binary 
phase diagram, Mn is insoluble in solid Si; instead they can 
form a variety of manganese silicide compounds. The partial 
pressure of Si vapor is believed to be higher than that of Mn at 
the location of the nanowire growth, as the Si substrate itself 
acts as a precursor that supplies the Si vapor. As a result, Si 
reaches supersaturation in the Au liquid particle and precipitates 
into the solid phase more rapidly than Mn. When Mn 
supersaturates in the liquid particle and precipitates into the 
existing solid Si, it forms a manganese silicide phase which is 
separated from the pure Si phase, as suggested by the Mn-Si 
phase diagram. In other words, manganese silicide must present 
in the form of nanoparticles (or clusters) in the Si nanowires, 
as observed. The detection of Mn in the Au particle at room 
temperature (Fig. 2(a)) is qualitatively consistent with the 
relatively high solubility of Mn in solid Au (~15% according to 
the phase diagram). Our approach can be easily applied to the 
VLS growth of other particle-nanowire hybrid systems that may 
have great potential for optoelectronic and sensing applications 
[10–14], as long as the metal precursor is soluble in the catalyst 
but not in the nanowire. 

We now turn to the discussion of topological crystalline 
insulator SnTe nanoplates grown on the substrates downstream. 
As shown in Figs. 6(a)–6(c), the nanoplates grown on the same 
substrate have various morphologies and orientations with 
respect to the substrate. In Fig. 6(a), the nanoplate is grown 
upon the substrate with a {100} facet of SnTe in parallel with 
the substrate. The side facets of this nanoplate consist of {100} 
and {111} planes of SnTe. In Fig. 6(b), two nanoplates are 
stacked together by the {100} facet upon the substrate. Their 
side facets are also {100} and {111} planes, and the orientation 
of the top nanoplate is rotated with respect to the one at the 
bottom. Nanoplates are also grown intercepting the substrate, 
as shown in Fig. 6(c), despite the same arrangement of crystal 
facets as the nanoplates grown upon the substrate. Similar 
morphology was observed in the undoped SnTe nanoplates 

that were grown in the absence of Mn and Si precursors. The 
observation of {100} and {111} facets is also consistent with 
the DFT calculation which shows that the two surfaces have 
relatively low surface energies [27, 59].  

The large thickness of the nanoplates makes TEM charac-
terizations of their crystal structures challenging. We therefore 
carried out Raman measurements to characterize the structural 
phase of the nanoplates. SnTe with a rock-salt crystal structure 
is expected in theory to have zero Raman active phonon modes, 
but experimentally, SnTe bulk crystals often show two Raman 
peaks at ~ 124 and ~ 142 cm−1, which was previously attributed 
to crystal defects, the breaking of surface symmetry, and lately 
to the presence of Te due to surface oxidation [60–63]. These two 
characteristic Raman peaks are observed in our nanoplates 
(Fig. 6(d)). Raman mapping based on the area intensity of the 
two peaks (124 and 141 cm−1) is presented in Fig. 6(e), showing 
good uniformity in the lateral dimension. Notably, particles 
containing Mn are observed in the vicinity of SnTe nanoplates 
(Figs. 6(f) and 6(g)), which suggests that Mn vapor can reach 
the growth region of SnTe in the CVD process. This argument is 
also supported by the observation of Mn-containing nanowires 
on the substrate downstream (Fig. 1(e)). 

Nevertheless, no Mn (or Si) impurity was detected in the 
SnTe nanoplates down to the experimental limit. XPS survey 
obtained on a representative SnTe nanoplate (Fig. S17 in the 
ESM) only showed Sn, Te, and O peaks, and no Mn (or Si) peaks 
were present (binding energies are marked by vertical dashed 
lines). Figure 7 presents the high resolution of XPS spectra 
of a representative nanoplate with a large lateral size. Before 
sputtering, there are two peaks in the O 1s spectrum (Fig. 7(a)) 
where the dominant peak at ~ 532.6 eV corresponds to a −2 
oxidation state as in SiO2, and the weaker peak at ~ 530.2 eV is 
likely contributed by the surface oxides of the nanoplate. In the 
Sn 3d spectrum before sputtering (Fig. 7(b)), the two com-
ponents at 494.7 and 486.3 eV are assigned to a +4 oxidation 
state as in SnO2, and the two components at 582.9 and 572.5 eV 
in the Te 3d spectrum (Fig. 7(c)) are attributed to elemental Te 
in a 0 oxidation state. These oxidation products have also been 
detected on the surface of SnTe single crystals and doped SnTe 
nanostructures [49, 63, 64]. No distinguishable peaks were 
found in the Mn 2p spectrum before sputtering. Since XPS is a 
surface-sensitive technique, we carried out Ar sputtering for 
10 min to remove the surface oxides and probe the possible 
trace of Mn deeper in the pristine region of the same nanoplate.  

 
Figure 6 SEM images of (a) a nanoplate grown upon the substrate, (b) two nanoplates stacked together, and (c) a nanoplate grown intercepting the substrate. 
(d) Single acquisition Raman spectrum and (e) Raman mapping from a representative nanoplate. Inset is an optical image of the same nanoplate. (f) SEM image
showing the presence of a particle near a SnTe nanoplate and (g) the EDX spectrum taken from the particle. The scale bar in the inset of (g) is 500 nm. 
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Figure 7 High resolution XPS core level spectra of (a) O 1s, (b) Sn 3d, 
(c) Te 3d, and (d) Mn 2p obtained from an individual nanoplate, before 
and after 10 min sputtering respectively. The spectra before sputtering 
were calibrated using the C 1s peak, and the spectra after sputtering were 
calibrated using the O 1s peak due to the absence of the C 1s peak. The 
scale bar in the inset of (a) is 20 μm. 

After sputtering, the oxygen peak corresponding to surface 
oxides of SnTe together with the Te0 and Sn4+ peaks disappeared, 
indicating the removal of surface oxides. Meanwhile, Sn in the 
+2 oxidation state with binding energies 493.4 and 485.0 eV, as 
well as Te in the −2 oxidation state with binding energies 582.4 
and 571.9 eV appeared, thus the pristine SnTe was exposed. 
Again, there were no peaks in the Mn 2p spectrum within the 
detection limit of XPS. The possible locations of Mn2+ peaks are 
marked by dashed lines in Fig. 7(d) [65].  

Furthermore, magneto-transport and Hall measurements 
were carried out on the SnTe nanoplates. The temperature 
dependence of longitudinal resistance Rxx (Fig. 8(a)) shows a 
metallic behavior, as observed previously in bulk and nano-
structured SnTe without intentional doping [35, 66]. The 
metallic transport is attributed to the existence of high-density 
Sn vacancies which act as p-type dopants in SnTe [66, 67]. The 
dRxx/dT increases rapidly below ~ 97 K (the inset of Fig. 8(a)), 
corresponding to a small kink in the Rxx-T curve at the same 
temperature range. A kink in the Rxx-T curve of SnTe signifies 
a ferroelectric phase transition from cubic to rhombohedral 
structure [68, 69]. The Hall resistivity (ρxy) at 300 K shows a 
linear dependence on the magnetic field B (Fig. 8(b)), from 

which the hole concentration is determined to be 4.9 × 1020 cm−3 
and the hole mobility to be ~ 95 cm2/(V·s). As the temperature 
decreases down to 200 K, the ρxy–B deviates from a linear 
relation at high magnetic fields, indicating the appearance of 
more than one conduction channel. The non-linear deviation 
becomes more prominent at lower temperatures (i.e., 2 and 
20 K). The crystal mirror symmetry is partially broken when 
the structure is transitioning from cubic to rhombohedral; 
therefore, the more prominent non-linearity below the transition 
temperature indicates that the multiple-channel conduction is 
likely to be a pure bulk effect rather than from topological surface 
states. This may be due to the surface oxidation as seen in XPS 
studies as well as the large thickness of the nanoplates. 

Manganese doping can induce long-range magnetic order 
in SnTe [70], and the magnetic ground state is sensitive to  
the chemical potential (or charge carrier density) [71]. The 
ferromagnetism mediated by charge carriers gives rise to 
spin-splitting in the conduction band and the valence band. 
When the bottom conduction band and the top valence band 
cross each other, the system transits into a magnetic Weyl 
semimetal (WSM) state [72]. While a WSM phase has not 
been experimentally realized in SnTe, ferromagnetism and its 
related spin transport were reported in Mn-doped bulk samples 
[70, 73–75]. Notably, Mn doping of only 0.04, at. % can lead to 
a negative magnetoresistance in SnTe crystals. [75] Yet, positive 
magnetoresistance was observed in our nanoplates at all 
temperatures (Fig. 8(c)), suggesting that the concentration of 
Mn impurity, if any, should be less than 0.04%. The weak 
antilocalization effect detected in SnTe thin films [76] is not 
observed here in our nanoplates. In conventional metals with 
only one type of charge carrier, the magnetoresistance follows 
a quadratic dependence on the magnetic field B. As shown in 
the inset of Fig. 8(c), the magnetoresistance deviates from B2 
at about 3 T, which is consistent with the existence of multiple 
conduction channels.  

Lastly, we discuss the underlying mechanism for the absence 
of Mn impurity down to the experimental limit. The solubility of 
Mn in SnTe is ~ 3% at a growth temperature of ~ 500 °C [77]. 
According to the Hall measurement, the percentage of Sn 
vacancies in the undoped SnTe nanoplates is as large as ~3 at. %. 
When Mn and SnTe with 3% Sn deficiency are present, one 
may expect to have Mn occupy the Sn vacancy site and form 
Mn-doped SnTe. To understand why this is not the case, we 
calculated the formation energy of a Sn vacancy and a Mn 
substitutional atom using DFT. The formation energy of neutral 
defects can be calculated as Eq. (1) [78, 79] 

[ ] [ ] [ ]tot totΔ bulk i iH X E X E n μ= - -å        (1) 
Where Etot [X] is the total energy of supercell containing a defect 

 
Figure 8 (a) Temperature-dependent longitudinal resistance Rxx of a SnTe nanoplate. The upper left inset is an AFM image (the scale bar is 10 μm), and the
lower right inset is a plot of dRxx/dT versus T. The red arrow in the lower right inset indicates the change of slope (or a kink) in the resistance plot. (b) Hall
resistivity ρxy as a function of the magnetic field B measured at different temperatures. The solid squares are experimental data and the solid lines are linear 
fitting at low field. (c) Magnetoresistence versus B at different temperatures. The inset shows magnetoresistence versus B2 at 2 K to illustrate the deviation 
from the quadratic behavior. 
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X, Etot[bulk] is the total energy of supercell containing no 
defects, ni is the number of i atoms added into the supercell 
(when removing atoms, ni < 0), and μi is the chemical potential 
of i atom. 

The chemical potential of elements depends on the environ-
ment. For Sn and Te, their chemical potential is related by Eq. (2) 

[ ]Sn Te tot SnTeμ μ E+ =               (2) 
The upper limit on μSn is equal to the total energy of a Sn 

atom in the stable face-centered cubic phase  

[ ]
max
Sn Sn bulkμ μ=                  (3) 

The lower limit on μSn will be reached when μTe has maximum 
value 

[ ] [ ]
min
Sn tot Te bulkSnTeμ E μ= -             (4) 

The chemical potential of the impurity element Mn has a 
maximum value equal to the total energy of a Mn atom in the 
stable cubic phase. In this condition, the formation energy of 
the Mn substitutional atom in SnTe will have a minimum value. 
When μMn reaches the upper bound, the formation energy of  
a Mn substitutional atom at different environments is in the 
range of 2.20 to 2.77 eV. In comparison, the formation energy 
of a Sn vacancy varies from −0.08 to 0.5 eV. Therefore, the Sn 
vacancy has a lower formation energy than the Mn substitutional 
atom for all possible chemical potentials, which explains the 
absence of detectable Mn doping in the SnTe nanoplate. 

The self-organization of phase-separated nanostructures 
observed in the presence of multiple precursors suggests that 
one can tailor the CVD growth condition to achieve pure 
products even if the precursors are not pure. This is particularly 
useful when the precursors unavoidably contain significant 
amount of residual impurities or the availability of pure 
precursors is limited by its remarkably high cost. Based on our 
growth results and analysis, we reveal three factors that play 
crucial roles in achieving phase-pure samples or in minimizing 
impurity concentration in an equilibrium condition: 1) the 
solubility of impurities in the product. Since the solubility of a 
solid solution is mainly determined by its temperature, the 
temperature of the growth substrate is an important parameter 
to tailor for achieving “phase-pure” growth. For VLS growth 
of nanowires, the solubility of impurity in the catalyst particles 
plays a crucial role; in principle, one could choose the catalyst 
in which the impurity is insoluble to achieve pure VLS-grown 
nanowires. 2) Vapor pressure difference. One should minimize 
both the sublimation of impurity in the precursor and the VS 
deposition of impurity in the product. As such, one should 
choose a precursor temperature at which the vapor pressure  
of the impurity is significantly lower than that of the main 
precursor and a substrate temperature at which the vapor 
pressure of the impurity is higher than that of the main product. 
The partial pressure can be tuned to be greatly lower than 
the vapor pressure of the impurity to minimize its vapor- 
solid reaction. 3) The stability of native defects; in particular, 
the vacancies. As shown in our Mn-SnTe growth and the 
corresponding DFT calculations, the relatively easy formation 
of vacancies can inhibit the substitutional doping. For binary 
products, a cation-poor condition often suppresses the doping 
of cation impurities, while an anion-poor condition in general 
limits anion impurities. 

4 Conclusion 
In summary, we demonstrated the self-organization of a variety 
of “phase-separated” nanostructured materials using multiple 

precursors in a single CVD process. The CVD growth involves 
silicon substrates and powder of Mn and SnTe as precursors, 
and the self-organized nanostructures include two different 
types of Si/SiOx core/shell nanowire heterostructures, higher 
manganese silicide nanowires, and SnTe nanoplates. The first 
type of Si/SiOx nanowires were grown along the <111> direction 
via an Au-catalyzed VLS mechanism and were embedded with 
manganese silicide particles in the crystalline Si core. In contrast, 
direct VS deposition led to <110>-oriented Si/SiOx nanowires 
free of embedded particles as well as <100>-oriented Mn11Si19 
nanowires, a promising thermoelectric material. No Sn or Te 
impurities were detected in the nanowires down to the 
experimental limit. On the other hand, SnTe nanoplates with 
dominant {100} and {111} facets were found to be free of Mn 
(and Si) impurities despite the deposition of nanoparticles  
and nanowires containing Mn in their vicinity. The phase 
separation of those nanostructures is well understood based 
on thermodynamic analysis and DFT calculations. Our work 
highlights the possibility of simultaneously synthesizing distinct 
functional nanomaterials in a single CVD system without causing 
cross-contamination. It also suggests that one can tailor the 
CVD condition to achieve phase-pure samples even if the 
precursors contain a considerable amount of unavoidable 
impurities. Finally, it provides a useful approach to grow 
nanoparticle-nanowire hybrid systems via a VLS process.  
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