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Twinning-, Polytypism-, and Polarity-Induced Morphological 
Modulation in Nonplanar Nanostructures with van der 
Waals Epitaxy
 Twinning, polytypism, and polarity are important aspects in nanostructural 
growth since their presence can affect various properties of the as-grown 
products. The morphology of nanostructures grown via van der Waals epitaxy 
is shown to be strongly infl uenced by the twinning density and the presence 
of polytypism within the nanostructures, while the growth direction is driven 
by the compound polarity. With ZnTe as the model material, vertically aligned 
nanorods are successfully produced with variable cross-section and branched 
crystals (tripods and tetrapods) on only a single type of substrate. Van der 
Waals epitaxy contributes by relaxing the lattice-mismatch requirements for 
epitaxial growth and by enabling a variety of crystal planes in the initial stages 
of the growth to be interfaced to the substrate, regardless of the polarity of 
the epitaxial material. These results may provide more fl exibility in tuning 
rationally the morphology of epitaxial nanostructures into other shapes with 
higher complexity by routine adjustment of growth environment. 
  1. Introduction 

 Controlling the crystalline quality and defects in a nanostruc-
tured material are of primary issues to accomplish within a syn-
thesis procedure. Due to the minute size of nanostructures, even 
minor alterations of the crystalline properties might have signifi -
cant effects on the ensuing material and physical characteristics 
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of the nanostructures. Nanowires from 
II-VI semiconductors—as an important 
example of nanostructures due to their 
excellent prospective applications in many 
technological fi elds [  1  ] —are particularly 
prone to defects during the crystal growth. 
Crystalline imperfection, especially twin-
ning and polytypism, [  2  ]  are often produced 
during the synthesis process as a means 
of energy minimization and stabilization 
of high energy surfaces. [  3  ]  Reason being, 
the compounds comprising the II–VI 
groups could have multiple crystalline 
phases that are close in energy, i.e., the 
hexagonal wurtzite (WZ) and the cubic 
zincblende (ZB) phases. Nevertheless, 
the presence of twinning and polytypism 
are not always deleterious. Those planar 
defects are exploitable in realizing inter-
esting concepts, such as the construction 
of multiquantum well superlattice due to the difference in elec-
tronic band structure of WZ and ZB phases [  4  ]  and the growth 
of branched nanocrystals (e.g . , tetrapods [  5  ]  and tripods [  6  ] ) with 
high structural complexity. 

 The progress of research in the phenomenology and theo-
retical aspects of twinning and polytypism in nanostructures, 
particularly nanowire arrays, are encouraging. However, the 
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studies on nanowire arrays are conducted mostly on struc-
tures that are grown via conventional epitaxy. Such systems 
are rather limiting since the orientation of the wires is always 
dictated by the substrate. Besides, the atomic polarity of the 
wires is also confi ned to that of the substrate since inversion 
of polarity across the heterointerface is rarely observed. [  7  ]  More-
over, the conventional heteroepitaxial system necessitates that 
the nanowire material has a lattice matching with the substrate, 
thus limiting the number of materials that can be prepared into 
epitaxial form. [  8  ]  

 In this work, we consider the effect of twinning and poly-
typism on II–VI nanostructures grown via “van der Waals epi-
taxy”. Van der Waals epitaxy is a mechanism where the over-
layers are grown onto substrates whose surface are inert due 
to the absence of high density of dangling bonds. [  9  ]  Unlike that 
in conventional heteroepitaxy, the heterointerface of substrate-
overlayer is not primarily connected via covalent chemical bonds 
but rather via van der Waals interaction. Several advantages 
could be acquired from the weaker binding of heterointerface, 
such as the alleviation of lattice matching conditions for well-
crystallized epitaxial growth [  10  ]  and hence the possibility to epi-
taxially grow various range of compounds within a substrate. [  6  ]  
Van der Waals epitaxy was originally developed for planar thin 
fi lm structure in 1990s, and the concept is only recently being 
revisited and attributed for nanostructured materials. [  6  ,  11  ]  Thus, 
many features of the nanostructures grown via van der Waals 
epitaxy are not yet well-documented. For instance, how twin-
ning and polytypism could affect the growth of crystals in van 
der Waals epitaxy is still unknown. 

 We focus the discussion with zinc telluride (ZnTe) as the 
model compound. By adjusting the growth environment to 
induce twinning and polytypism in ZnTe crystals, we shall 
demonstrate that the morphology of the van der Waals epi-
taxial ZnTe nanostructures could be modulated. Muscovite 
mica, despite not prevalently used as the substrate for nano-
structures, [  12  ]  is intentionally chosen as the substrate to comply 
with the requirement of van der Waals epitaxy. [  10  ,  13  ]  We present 
the vapor-based synthesis approach of (i) vertically aligned 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 1636–1646

     Figure  1 .     SEM images of vertically aligned ZnTe nanorods on muscovite m
nanorods, possessing a faceted tip and a cylindrical base. c) Completely f
respect to the site of observation, and thus the local temperature of the sub
site from the upstream edge of the substrate, which has the highest local t
nanowire arrays—or also commonly called “nanorods”, (ii) epi-
taxial nanotripods, and (iii) epitaxial nanotetrapods. The mor-
phogenesis of the different morphologies due to twinning and 
polytypism is corroborated with extensive electron microscopy 
characterization. 

 This work is also intended to serve a multitude of purposes. 
Firstly, the choice of ZnTe as the model compound is motivated 
by the rarity of studies on the compound in epitaxial nano-
structural form as compared to other binary semiconductors. 
ZnTe has various interesting material properties: it is a natural 
p-type II-VI semiconductor [  14  ]  with a direct bandgap of 2.26 eV 
at room temperature and is thus an excellent material for 
photonic devices in the pure green region. [  15  ]  ZnTe in nano-
structural form also has various potential applications including 
optoelectronics [  16  ]  and thermoelectric devices. [  17  ]  Recently, there 
have been many reports of randomly oriented ZnTe nanowires 
that do feature twinning. [  18  ]  However, the various aspects and 
implications of twinning and polytypism in ZnTe are not as 
well understood as III–V materials. Secondly, the ability to 
grow ZnTe in epitaxial form also served as a demonstration 
of the effectiveness of van der Waals epitaxy in synthesizing 
uncommon epitaxial compounds. Thirdly, we show for the fi rst 
time the synthesis of tetrapod crystals in epitaxial form (until 
now, only tetrapods in freestanding or colloidal form have been 
reported). [  5  ]  Lastly, this report also shows for the fi rst time a 
direct polarity visualization in branched crystals that verifi es the 
long-standing hypothesis on the growth mechanism of tripods 
and tetrapods.   

 2. ZnTe Nanorod Array: Twinning-Induced 
Morphological Transition  

 2.1. Synthesis Products 

 For synthesis performed at high temperature, we typi-
cally observed the growth of ZnTe nanorods ( Figure    1  ). The 
nanorods have a strong vertical alignment with respect to the 
1637wileyonlinelibrary.commbH & Co. KGaA, Weinheim

ica in 45 °  tilted view. a) Nanorods with cylindrical cross-section. b) Hybrid 
aceted nanorods. d) Gradual transition of the nanorods morphology with 
strate. The number below the images refers to the distance of the observed 
emperature.  
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substrate. The nanorods are grown without a buffer layer or any 
intermediate structures at their base despite the ensuing lattice 
mismatch between ZnTe and muscovite, in compliance to the 
typical features of van der Waals epitaxy. [  10  ]  The strong vertical 
alignment of the nanorods without any signifi cant presence of 
tilted nanorods is a strong benefi t offered by the van der Waals 
epitaxy on muscovite. In contrast, previous works on ZnTe 
nanorods via conventional heteroepitaxy that necessitates the 
use of a lattice-matched substrate, e.g., GaAs(100), [  19  ]  invariably 
produce a mixture of vertical and tilted nanorods concurrently 
within the same substrate.  

 In our previous article on ZnO nanowire arrays on musco-
vite, [  10  ]  we showed that the van der Waals epitaxy is of incom-
mensurate type. Thus, any parameters regarding the crystal-
linity of the nanowire material, including their phase and lattice 
parameters, are irrelevant for the van der Waals epitaxy to occur. 
Van der Waals epitaxy is also expected not to involve chemical 
bonding between the epitaxial material and the substrate, [  9  ]  also 
making the chemistry of the epitaxial material an irrelevant 
issue. Hence, the conclusions regarding the characteristics of 
the van der Waals epitaxy should also be applicable for the case 
of the ZnTe nanorod system as described herein. 

 Interestingly, we observed a variation of nanorod mor-
phology according to the central temperature of the furnace 
during growth. At the high end of the temperature range, 
we obtained the growth of nanorods with cylindrical cross-
sections (Figure  1 a). Meanwhile, at the low end of the growth 
temperature range where nanorods can still be found, the 
nanorods are observed to be faceted with hexagonal cross-
sections (Figure  1 c). In-plane alignment is present between 
facets of neighboring faceted nanorods, which is as expected 
for epitaxial growth. [  10  ]  To verify the temperature dependence 
of morphology, we used a longer strip of the substrate during 
the synthesis. The furnace used in our vapor transport syn-
thesis system has a gradual temperature drop from the center 
of the furnace (which is the position of the powder source) to 
both ends of the furnace. Consequently, a long substrate—
positioned inside a quartz tube heated on the furnace—should 
also have a variation of local temperature; the temperature is 
higher close to the center of the furnace (upstream) and lower 
further away, in the direction of the carrier gas fl ow (down-
stream direction). As a result, we confi rmed the presence of 
cylindrical nanorods at the upstream end and faceted nanorods 
at the downstream end within a single strip of the substrate 
(Figure  1 d). We also observed the transition of the morphology 
of nanorods from cylindrical into faceted as we surveyed the 
substrate from the upstream to downstream sites, exhibiting a 
hybrid nanorod morphology with a faceted tip and a cylindrical 
base (Figure  1 b).   

 2.2. Characterization of Hybrid Nanorods 

 To identify the underlying differences between different mor-
phologies of ZnTe nanorods and to determine the mechanism to 
cause such changes, we performed characterizations with elec-
tron microscopy-related techniques on a hybrid ZnTe nanorod 
( Figure    2  ). Characterization of a hybrid nanorod is expected to 
provide a meaningful comparison since the presence of faceted 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
and cylindrical segments within a nanorod would isolate only 
the correlation between the morphology and intrinsic material/
physical features (e.g., crystallinity and chemistry) between the 
cylindrical and faceted nanorod morphologies.  

 A TEM image of a hybrid ZnTe nanorod is shown in 
Figure  2 a. The coexistence of faceted and cylindrical segments 
within the nanorod were confi rmed with a surface plot (Sup-
porting Information Figure S1): the upper segment of the 
nanorod is hexagonally faceted while the lower segment is 
cylindrical. Beside the change in cross-sectional shape, changes 
in diameter are also noticeable. Energy dispersive X-ray spec-
troscopy (EDX) scans along the axis of a hybrid nanorod (Sup-
porting Information Figure S2) showed that the composition 
throughout the nanorod is conserved in a stoichiometric Zn:Te 
 =  1:1 ratio. EDX does have detection sensitivity to only within 
1% of the composition, but the EDX characterization is still 
meaningful in precluding incorporation of major impurity 
and obvious changes in the fi nal composition of the nanorod 
product from the possible causes of the morphological transi-
tion within the nanorod. We then performed in-depth charac-
terization of the hybrid nanorods with selected area electron 
diffraction (SAED, Figure  2 b–d) and high resolution electron 
microscopy (HRTEM Figure  2 e–g), both of which to probe the 
crystalline properties, and high angle annular dark fi eld elec-
tron microscopy (HAADF-STEM, Figure  2 h–j) to characterize 
the polarity of the nanorod. This characterization focused on 
three distinct segments of the nanorod, with differently-colored 
squares in Figure  2 a: the faceted upper segment, the middle 
segment, which is the transition between the faceted cross-
section and cylindrical cross-section, and the cylindrical lower 
segment. 

 The SAED patterns exhibited by the faceted, the transitional, 
and the cylindrical segments are distinguishable from each 
other. For the faceted upper segment, the pattern consists of 
well-separated spots (Figure  2 b). We assign the pattern into two 
sets of well-defi ned ZB phase of ZnTe in  [11̄0]ZB   and  [1̄10]ZB    
zone axes, both of which indicates that the growth direction of 
the nanorod is along  [1̄1̄1̄]ZB   direction, as will be verifi ed later in 
the polarity study (Figure  2 h–j). The simultaneous presence 
of the patterns from the two zone axes, related by 180 °  rota-
tion, [  20  ]  indicates that the faceted segment contains twin bound-
aries. However, as only two sets of ZB patterns are noted, the 
periodicity of twins should be suffi ciently low to allow the 
stacking of complete ZB segments. Meanwhile, the transitional 
segment exhibits pattern with additional spots and aligned 
stripes (Figure  2 c). In addition to the two zone axes present in 
the faceted segment, we could also identify set of spots origi-
nated from WZ phase ZnTe in  [112̄0]WZ   , suggesting the occur-
rence of polytypism. [  20–21  ]  Other aligned refl ections with dif-
ferent frequencies were also observed and ascribed to the mul-
tiplicity of twin periodicity. In other words, the twinning density 
in the transitional segment is supposedly higher than that in 
the faceted segment. Even more prominent, the SAED pattern 
from the base showed a clear aligned line of spots (Figure  2 d). 
The aligned line is suggestive of a high Bragg refl ection spot 
multiplicity induced by nonperiodic twin boundaries. The peri-
odicity of twinning at the cylindrical base must be much higher 
than that at the faceted and transitional segment, thus inducing 
a clear change in the atomic plane stacking and creating ZnTe 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 1636–1646
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     Figure  2 .     Comprehensive electron microscopy characterization of the crystallinity of hybrid nanorods. a) Low magnifi cation TEM image of a hybrid 
nanorod. Subsequent characterization was focused on different segments of the nanorod as indicated by the colored squares. Top row (orange 
squares): faceted upper segment. Middle row (green squares): transitional segment. Bottom row (blue squares): cylindrical lower segment. b–d) SAED 
patterns, showing that the nanorod grew along  < 111 >  ZB  with features of twinned crystal. Red arrows indicate the streak of twin boundary multiplicity. 
(Inset in c): zoomed-in image of the region in (c) marked with a green-dashed rectangle. e–g) HRTEM images, showing that the twinning density 
between the three regions of the nanorod is different. h–j) HAADF-STEM images. The position of atoms within the dumbbells could be distinguished 
and is marked with spheres as shown in (h), where the dumbbells with different orientation are colored differently. Dashed yellow lines mark the 
locations of twin boundaries. (Inset in h): RGB temperature false color applied to dumbbells sandwiching a twin boundary. The polarity of the ZnTe is 
conserved throughout the three regions and across the twin boundaries. White arrows in all panels refer to the growth direction of the nanorod.  
polytypic segments. The experimental SAED patterns in the 
three segments were also corroborated with simulated diffrac-
tion patterns (Supporting Information Figure S3), where the 
interpretation on twinning and polytypism is in agreement with 
experimental observations. 

 HRTEM observations validate the presence of twinning in all 
segments. In agreement to the inference from SAED data, we 
observe that the twinning density and frequency are different 
within the three segments: low density at the faceted segment, 
medium density at the transitional segment, and high density 
at the cylindrical segment. At the faceted tip (Figure  2 e), the 
typical length between twin boundaries is around 10 nm and 
wider twin-free segments with widths reaching above 30 nm 
were found. The twin-free ZB regions are wide enough to allow 
the completion of ZB stacking, which explains why the SAED 
provide only two sets of ZB patterns. In contrast, we observed 
higher density of twin boundaries in the transitional segment 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 1636–1646
(Figure  2 f) and even higher density in the cylindrical seg-
ment at the base (Figure  2 g). The twinning occurred without 
any apparent periodicity, suggesting that the growth involved 
a random twinning event. The high density and randomly-
distributed twin boundaries in the long range break the atomic 
ordering into short segments of around a few nanometers. 
However, the twin boundaries may occur periodically in those 
short segments, resulting in the formation of various polytpes 
throughout the nanorod [  22  ]  (Supporting Information, Section 
A), consistent with the conclusion from SAED patterns in 
Figure  2 d. Nevertheless, each atomic layer along the growth 
direction in every segment is in perfect crystallinity over the 
whole cross-section of the nanorod as the twin planes dissect 
the crystal completely; the twin planes are exactly parallel to the 
growth planes and are perpendicular to the growth direction. 
Thus, we conclude that the nanorod should grow in a layer-
by-layer fashion with a mononucleation center. [  21  ]  Meanwhile, 
1639wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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no evidence of axial dislocations were present in our samples, 
suggesting that the nanorods were unlikely to grow via a screw 
dislocation mechanism. [  23  ]  

 The polarity of the nanorod is determined by visualizing 
ZnTe atomic dumbbells with aberration-corrected HAADF-
STEM imaging (Figure  2 h–j). Both constituent elements can 
be resolved and distinguished as Te has a much higher atomic 
number than Zn ( Z  Te   =  52,  Z  Zn   =  30). In the HAADF obser-
vation, Te atoms appear brighter since the  Z -contrast imaging 
allows the intensity observed in the image to be in nearly  Z  2  
proportion. [  7  ]  The dumbbells are oriented with the Te atoms 
facing the tip consistently in all segments, implying that the 
bottom surface of the nanorod contacting the mica substrate 
is of the polar (111) ZB  with Zn-terminated surface. The Te-
directed dumbbell orientations justifi ed the assignment of the 
growth along the  [1̄1̄1̄]ZB    direction—also commonly referred to 
as [111]B—as was implicitly assumed in the indexing of SAED 
patterns. From the image, the variation of twinning density 
between the different segments is also visible. The polarity of 
the dumbbells is conserved across the twin boundaries. There-
fore, the twin existing in the nanorods is of orthotwin type 
instead of paratwin, where an inversion of polarity is expected. 
In orthotwin, the effect of twinning onto the crystal are mani-
fested by the two possible orientations for the dumbbells that 
are related by a 180 °  rotation of the structure. [  24  ]  The two dumb-
bell orientations are denoted with illustrations in different 
colorings (Te in green and Zn in blue for one of the orienta-
tions and Te in gold and Zn in red for the other) superimposed 
onto the image.   

 2.3. The Relevance of the Difference in Twinning Density 
on the Morphological Transformation in Nanorods 

 From the characterization of the hybrid ZnTe nanorods, we 
have established that the morphological difference between the 
faceted and the cylindrical nanorods is correlated with the dif-
ference in twinning density between the two type of nanorods; 
faceted nanorods contain low density of twinning with wide 
defect-free ZB segments, whereas cylindrical nanorods are 
randomly twinned with numerous polytypism. We have also 
excluded the effect of polarity and compositional variation from 
the possible causes of the morphological transition observed 
in Figure  1 d, since the two material aspects are conserved 
throughout the length of a hybrid nanorod. In this section, we 
discuss the correlation between twinning density and morpho-
logical transformation in nanorods. Meanwhile, in-depth inves-
tigations on the physical principles and mechanism of twin 
formation in nanorods/nanowires can be found in various pre-
vious reports, some of which will be referred to herein. There 
are several reports discussing the formation of microfaceting in 
semiconductor nanowires due to twin boundaries. [  24,25  ]  Micro-
faceting in these structures refers to the change in sidewall 
faceting orientation due to periodic twinning in the nanowires. 
In the  < 111 >  growth-directed ZB nanowires, each of the twin-
free segments of the nanowires has a truncated octahedron 
morphology consisting of eight {111} planes, with six of them 
composing the sidewall. Thus, the presence of twin bounda-
ries in the nanowire creates alternating series of octahedral 
0 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
segments, leading to zigzagged edges in the wire. [  25b  ]  The 
nucleation of twinning and the formation of microfaceting was 
reported to be energetically more favorable than the formation 
of {112} sidewall facets—which are perpendicular to the growth 
planes—due to the relatively high surface energy of {112} 
facets. [  26  ]  Presence of twinning allows the two {111} microfacets 
to replace the {112} sidewall while preserving the growth direc-
tion of the nanowires along the atomic stacking direction. 

 Cutting thin segments along the growth direction from the 
octahedron will lead to a triangular layer segment with trun-
cated vertices in varying extents that result in variety of shapes, 
including regular triangle and regular hexagon. [  18d  ,  24  ]  If the 
ZnTe nanorods were to have such microfaceting, the cylin-
drical nanowires that contain high density of twin boundaries 
will allow lateral faceting in a very narrow segment between 
two consecutive twin boundaries. As this change in the micro-
faceting direction occurs every few atomic planes, the ran-
domly-twinned cylindrical nanorods shall be constructed from 
the stacking of triangular-like segments of random truncation 
length. Twinning also rotates the microfaceted segments ran-
domly by 180 ° . Ultimately, the random contribution of each 
microfacet will cause the cross-section of the randomly twinned 
cylindrical nanorods to appear as quasi-circular (Figure  1 a). 

 Of all growth factors that may contribute to the morpholog-
ical transformation of nanorods, the local temperature on the 
substrate seemed to be the most dominant, as inferred in the 
synthesis product shown in Figure  1 d. A study on bulk single 
crystal showed that twinning is a thermodynamically activated 
event, [  27  ]  meaning that a supply of energy is necessary to induce 
the misplacement in twin stacking in the layer-by-layer growth 
fashion of nanorods. High local temperature served to satisfy 
the energy requirement for twinning to occur, which then 
potentially explains our observation on the growth of highly 
twinned cylindrical nanorods in the high temperature region 
and the growth of sparsely twinned faceted nanorods in the low 
temperature region. The observation where higher temperature 
growth results into higher density of twinning has also been 
reported frequently in the growth of nanowires. [  24  ,  28  ]  

 Other than temperature, we recognize that there are other 
factors that may have contributed to the formation of twin-
ning and stacking fault density in the structure, which we shall 
discuss shortly. There are other reported methodologies that 
exploit different factors and growth parameters (e.g., pressure, 
precursor molar fraction, and impurities [  28  ] ) in controlling the 
twin density, and we believe that it is conceptually possible to 
use each of those factors to control the twin density and arrive 
at the same morphological modulation as reported herein. 
However, we believe that those factors are not the most relevant 
in determining the variability of morphology in our synthesis 
system. Moreover, we argue that the presence of hybrid nano-
rods with variation of stacking fault and twinning density along 
the length of the nanorods should not be interpreted as due to 
variation of growth parameters (including due to fl ux of vapor 
species) along with growth time: all nanorods consistently have 
cylindrical morphology (Figure  1 a; high twin density) when 
obtained in growth attempts conducted at high temperature, 
whereas all nanorods are faceted (Figure  1 c; low twin density) 
when grown with furnace temperature. If we assume that (1) 
there is variation of fl ux or any other growth parameters along 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 1636–1646
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     Figure  3 .     SEM images of epitaxial tripods and tetrapods of ZnTe in 45 °  
tilted view. The morphology of the branched nanostructures is clarifi ed, 
with each of the legs being numbered (tripod: 3 legs, tetrapod: 4 legs). 
The in-plane alignment of the tripods and tetrapods is exhibited evidently, 
with the adjacent structures within the same substrate having their legs 
aligned in only two antiparallel directions. The two possible orientations 
of tripods and tetrapods are designated with a circle and a white arrow.  
with the growth time due to unstable growth environment, and 
(2) the twinning density is strongly dependent on fl ux or other 
time-varied growth parameters, then we should also see the 
transitional structure within these two temperature extremes as 
well. As we did not observe such phenomenon, we conclude 
that the variations of fl ux and growth parameters with time are 
not the dominant factors in determining the variation of twin 
density in our system. 

 Regarding the phase stability, ZnTe crystal is more stable 
in ZB than in WZ at low temperature. [  29  ]  However, high tem-
perature growth was reported to allow nanowires whose stable 
phase is ZB to access the less stable WZ phase. [  25b  ,  28  ]  Conse-
quently, the growth of nanorods at high temperature may con-
tain mixture of segments in WZ, ZB, and other polytypes, in 
accordance to our SAED and HAADF-STEM observations. The 
strong relation between twinning and polytypism in the growth 
of ZnTe is then addressed, since both phenomena are involved 
simultaneously in the growth at high temperature. 

 We also relate the twinning density with the diameter of the 
nanorods. Firstly, as is common in nanostructured materials, 
there is strong dependence between the as-grown diameter of 
the structure and the local temperature of the growth. [  30  ]  For 
example, nanowires grown in vapor-liquid-solid (VLS) mecha-
nism are known to have a critical radius of nucleation whose 
size is inversely proportional to the local temperature. [  31  ]  The 
trend is also reported in ZnO nanowires in a catalyst-free 
growth from thermal evaporation method, [  32  ]  similar to one 
used in the current work, where the average diameter of ZnO 
nanowires is increased when the substrate is placed further 
downstream (away from the center of the furnace where the 
powder source is located). The correlation between the reduc-
tion of diameter and the substrate positioning is associated with 
the local temperature at the substrate, which affects the depo-
sition and nucleation kinetics and growth thermodynamics. 
Meanwhile, the infl uence of other parameters related to the 
change of positioning away from the source, especially reduc-
tion of local vapor pressure, should be less signifi cant. Lower 
local vapor pressure should result in lower supersaturation 
level of the nucleus, giving larger nucleus size and nanowire 
diameter when the substrate is placed away from the source, in 
contrast to our experimental results. [  33  ]  In conclusion, we can 
safely conclude that the cylindrical rods have smaller diameter 
due to the high temperature while the faceted rods have a larger 
diameter since the growth occurred at lower local temperature. 
The dependence of diameter on temperature also explains the 
position-dependence morphological transition of hybrid nano-
rods, with cylindrical segments occurring at the base, which 
should be at higher temperature than upper segments of the 
nanorods. 

 Other researchers also correlated the twining periodicity with 
the diameter of the nanowire. [  25  ]  Studies showed that for III-V 
type nanowires with diameter above a certain value, the twin-
free segments would be wider in larger diameter nanowires. 
Below such diameter other polytypes may become more stable 
than the ZB phase, leading to the increase in twinning density 
and even the formation of WZ segments. [  22a,  ,  34  ]  The change in 
phase stability in small diameter is reasonable since the sta-
bility of phases in structures with small surface-to-volume ratio 
is dominated by the contribution of surface free energies. [  35  ]  
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 1636–1646
Thus, the most stable phase in nanostructures may differ to 
that in the bulk. Although there have been no calculations 
performed on the critical diameter of ZnTe for the stable WZ 
phase, our observation that the twin- and polytypism-rich cylin-
drical nanorods have small diameters and are grown in higher 
temperature is in qualitative agreement with previous models 
on the twinning and polytypism.    

 3. Epitaxial Tripods and Tetrapods: Infl uence of 
Polytypism, Twinning, and Polarity on Morphology  

 3.1. Synthesis Products 

 Beside the growth of nanorods, we were also able to grow 
branched nanostructures of ZnTe with van der Waals epitaxy 
in the form of epitaxial nanotripods and nanotetrapods. As 
shown in  Figure    3  , tripods are crystals with three branches—or 
“legs”—with three-fold symmetry with respect to the center of 
the structure. Meanwhile, as the name suggests, tetrapods have 
four such legs. While the observation of epitaxial tripods has 
been reported in our previous work, which was more focused 
on CdS tripods, [  6  ]  the structure and phase of ZnTe epitaxial tri-
pods is yet to be established. In addition, the growth of epitaxial 
tetrapods has never been reported. Thus, this work is the fi rst 
to document the growth of nanorods, tripods, and tetrapods 
epitaxially on a single type of substrate, which is accomplished 
with muscovite mica.  

 There are two major distinctions in the growth environ-
ment to obtain nanorods and branched nanostructures such as 
1641wileyonlinelibrary.combH & Co. KGaA, Weinheim
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tripods and tetrapods. Tripods and tetrapods were more often 
observed in muscovite substrates without any surface treatment 
prior to the growth, in contrast to the growth of nanorods which 
were typical in substrates with deionized water application (see 
the Experimental Section). We also consistently observed that 
tripods and tetrapods are more populated in the downstream 
region of the substrate which is of lower local temperature, as 
compared to the nanorods which are more common in the high 
temperature region of the substrate. 

 We observed an evident in-plane alignment of the neigh-
boring tripods and tetrapods within the same substrate 
(Figure  3 , also see Supporting Information Figure S4). Adja-
cent structures are arranged in only two possible orientations. 
The tripods and tetrapods in these two orientations have been 
marked differently—with an arrow or a circle—in Figure  3  in 
order to clarify the presence of the in-plane alignment. The 
two orientations were actually antiparallel to each other; for a 
certain leg of a structure, one of the legs from adjacent struc-
tures will be either pointing in the same direction or in the 
opposite direction with the leg concerned. Due to the three-
fold symmetry of the legs, the two orientations are related 
by 60 °  and 180 °  rotation. Such in-plane alignment has been 
attributed to the consistency of crystalline relation between 
the substrate and all structures on the substrate, implying the 
existence of epitaxy. [  6  ,  10  ]  Similar to the case in nanorods, the 
lattice mismatch between muscovite and ZnTe suggests that 
van der Waals epitaxy mechanism is also applicable in tripods 
and tetrapods. 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G

     Figure  4 .     Crystallinity characterization of a ZnTe tripod. a) HRTEM image n
spectra from the three regions as marked with colored squares in (a). c) L
STEM image of the tripod junction, in the region as indicated with a brown 
with a yellow rectangle by using: e) ABF detector and f) HAADF-detector. W
according to the orientation shown in the illustration to the left of (e). g) T
In all panels, the white arrow with red (blue) border refers to the growth dir
 A notable feature of the morphology is the similarity between 
legs in tripods and tetrapods to that of faceted nanorods (see 
Figure  1 c). Moreover, except for the three additional legs 
existing close to their base, epitaxial tetrapods closely resemble 
faceted nanorods since one of the legs are nearly normal to the 
substrate. The observation of tripods and tetrapods at the low 
temperature region of the substrate is also consistent with our 
result in nanorods, for which we concluded that the low local 
temperature is conducive for the low twinning density neces-
sary to form faceted nanorods.   

 3.2. Characterizations and Growth Mechanism 
of Epitaxial Tripods 

 We characterize the structure and crystallinity of tripods to rep-
resent the branched epitaxial nanostructures of ZnTe ( Figure    4  ). 
Similar to our previous results on CdS tripods, [  6  ]  the polytypic 
nature of ZnTe tripod is discernible by correlating the observa-
tion of HRTEM of a tripod close to its center (Figure  4 a) to the 
resulting SAED pattern of the observed region (Figure  4 b). The 
center of the tripod, which is the junction of all three legs, was 
of pure ZB phase without any planar defects. However, unlike 
previous reports of branched crystals from vapor phase, [  5a  ,  5b  ]  the 
legs of ZnTe tripods were also polytypic. As observable within 
the red- and blue-colored squares in Figure  4 a, formation of 
twin boundaries induces stacking changes and introduces mul-
tiple segments of ZB phase to accompany the predominant 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 1636–1646

earby the junction reveals the polytypic nature of the tripod. b) The power 
ow magnifi cation STEM image of a complete ZnTe tripod. d) Zoomed-in 
square in (c). The STEM observation is then focused in the region marked 
e superimposed the columns of atomic dumbbells with spheres in color 

he zoomed-in STEM image of region indicated by purple rectangle in (d). 
ection of the left (right) leg, as shown in (c).  
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existence of WZ phase in the legs. The SAED patterns of the 
two legs thus feature aligned streaks as the consequence.  

 HRTEM also reveals that the polytypic legs of the tripod are 
grown epitaxially from the center. By indexing the power spec-
trum, the legs of the tripods are found to grow along the  c -axis, 
i.e., the 〈0001〉 direction. From the alignment of the  c -axis spots 
from the FFT pattern of both legs (Figure  4 b, left and right) to 
the 〈111〉 spots on the pattern from the center of the tripods 
which is of pure ZB (Figure  4 b, middle), we conclude that the 
epitaxial relation of the legs on the center of the tripods fol-
lows  (1̄11)

〈
1̄01̄

〉
ZB

||(0001̄)
〈
112̄0

〉
WZ

  . The structure is consistent 
with our previous growth model of epitaxial tripods on musco-
vite via vapor transport method [  6  ]  and in accordance with the 
seeded growth mechanism of tetrapods as proposed by Shiojiri 
and Kaito. [  5a  ]  The growth of branched crystals with the mecha-
nism starts from the nucleation of a seed crystal in pure ZB 
phase. The seed then assumed an octahedral shape with eight 
{111}-terminated side facets. As {111} ZB  is a polar surface, the 
eight side facets could be divided into two groups: cation-ter-
minated  + {111} ZB  facets (i.e.,  111, 11̄1̄, 1̄11̄, 1̄1̄1   ) and anion-
terminated–{111} ZB  facets (i.e.,  ̄11̄1̄, 1̄11, 11̄1, 111̄   ). Previous 
reports on branched crystals assumed that further growth on 
the seed would occur on facets that have the same polarity as 
the fast growth plane of the particular material. For example, 
it is assumed in ZnO that only Zn-terminated facets of the 
octahedra would experience further growth since the O-termi-
nated facets are much less reactive to promote any signifi cant 
growth. [  36  ]  Once the fast growth {111} ZB  facets of the octahedra 
are exposed, stacking faults may be introduced to the structure 
to facilitate a phase transformation to WZ phase for energy 
minimization. The phase transformation could also occur 
seamlessly due to the similarity between {111} ZB  and {0001} WZ  
planes along the stacking direction. As a result, four WZ legs 
with {0001} WZ  growth direction would form on the octahedra 
ZB seed in tetrahedral symmetry, giving rise to tetrapods. [  5a  ]  
Meanwhile, if the seed is grown epitaxially with one of the fast 
growth facets to be interfaced with the substrate, only three legs 
which are upward-inclined from the substrate could be formed, 
thus resulting in epitaxial tripods. [  6  ]  

 We aim to confi rm the hypothesis of the seeded growth mech-
anism of branched crystals where the legs of the crystals from a 
certain compound are assumed to grow in a direction similar to 
the fast growth plane of other crystal forms of the compounds 
(i.e., polarity driven growth). To achieve this, we observed the 
polarity of one of the tripods legs with STEM and confi rmed 
the consistency of the determined growth direction of the legs 
with that of the nanorods (Figure  2 f–j). Figure  4 c,d show the 
location and orientation of the legs which we observed for this 
purpose. The observation was performed with aberration cor-
rected STEM imaging in annular bright fi eld (ABF, Figure  4 e) 
mode and high angle annular dark fi eld (HAADF, Figure  4 f). 
Both of the complementary STEM modes agreed in showing 
that the legs of the tripod grew along the Te-direction. Consid-
ering the polytypic nature of the legs, we may thus uniquely 
assign the growth direction of the legs as being the –{111} ZB  
and –{0001} WZ . Similar to the observation in nanorods, the 
polarity of the atomic dumbbells of ZnTe is conserved across 
stacking faults and twinning boundaries that exist within the 
polytypic leg. Meanwhile, the phase purity of the center of the 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 1636–1646
tripod—necessary for the center to act as a seed—was also veri-
fi ed (Figure  4 g). 

 In conclusion, we confi rmed the seeded growth mechanism 
of tripods. We remark that the existence of pure ZB at the 
center is reasonable due to the low local temperature growth 
of tripods. Since the density of twinning is positively correlated 
with temperature of the growth, the crystals grown at low tem-
perature should have a low density of twinning. Consequently, 
the low temperature growth allows the formation of a complete 
octahedral microfaceting to act as the seed to facilitate the sub-
sequent polarity driven growth of tripods or tetrapods. This is 
in contrast to the case of cylindrical nanorods (Figure  2 g,j), as 
the high density of twins prevents the exposure of the complete 
octahedral form and results in the growth of nanorods. [  37  ]  We 
also would like to remark that the ZB phase in ZnTe is much 
more stable than WZ phase, reaching  ≈ 6 meV/atom, which is 
the largest energy difference among II-VI semiconductors. [  29  ]  
We believe that the large energy difference is also relevant 
in explaining why the tripod legs still have some polytypism, 
whereas previous reports on branched crystals from vapor 
phase would provide legs that are completely in WZ phase.    

 4. Atomic Modeling of Growth Mechanism 

 We fi rst note that the syntheses of all structures in this work 
were performed without any intentional metallic catalyst intro-
duction. Thus, the growth of nanorods is not due to a VLS 
mechanism. Indeed, there are no remains of pure metallic spe-
cies specifi cally located at the tip of nanorods and tripods, as 
generally observed for VLS growth. [  38  ]  Catalyst-free growth of 
nanostructures in vapor phase is commonly attributed to vapor-
solid mechanism. However, we cannot conclusively exclude 
the possibility of self-catalytic VLS growth since the evaporated 
ZnTe powder may undergo hydrogen-assisted thermal decom-
position into Zn and Te species. In fact, we have shown in our 
previous work that metallic Te-species could indeed exist at the 
sidewalls of nanorods, [  15  ]  although their mechanism of forma-
tion, which could be due to phase segregation, and their role on 
the growth process are still unclear. 

 Most of past studies of twinning and polytypism were con-
ducted on catalyzed nanowires. The nucleation of twinning 
in VLS-grown III-V nanowires is theorized to necessarily be 
formed on a three phase boundary line between the liquid 
phase catalyst, the crystallizing nanorods, and the surrounding 
gaseous environment. [  39  ]  Similarly, twinning in a Czochralski 
grown GaAs bulk crystal is also concluded to occur from a 
triple phase line between the liquid molten and the crystallized 
bulk. [  27  ]  Hence, the conclusion from previous work implies that 
a liquid phase during the growth is required to induce twinning 
during the growth of nanorods, which could only be supplied 
in our synthesis due to a self-catalyzing agent. Nevertheless, the 
actual growth mechanism cannot be confi rmed in our samples. 
Moreover, self catalytic VLS is incompatible with the formation 
of multiple legs in a branched structure, as it is unlikely that 
each leg was grown with an individual catalyst from the seed. 

   Figure 5  a summarizes the growth stages of a ZnTe nanorod, 
applicable to both cylindrical and faceted nanorods. First, since 
the growth proceeds on a layer-by-layer basis, we believe that 
1643wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  5 .     The atomic modeling of the growth mechanism of the epitaxial 
ZnTe nanostructures. a) Growth model of nanorods. A STEM image of the 
corresponding structure is shown as a comparison. The modeling of the 
tripods is shown from b) lateral view and c) top view. Animated movies 
of all atomic models are shown elsewhere. [  37  ]   
the growth should start with the nucleation of planar fl akes of 
ZnTe with van der Waals epitaxy. As the nanorods are grown 
in the Te-terminated direction, the fl akes should have their Zn-
terminated surface to be interfaced with muscovite. Upon the 
crystallization, the fl akes grow upward in  [1̄1̄1̄]ZB    direction with 
octahedra microfaceting containing other {111} sidewall facets 
as well. However, due to the thermal fl uctuation of the environ-
ment, stacking misplacement of the next ZnTe bilayers could 
occur to produce twins or stacking faults. The layer-by-layer 
growth fashion also ensured that twinning is isolated within 
a plane, where each atomic bilayer is perfect. The subsequent 
bilayers of ZnTe can then be written as  [1̄1̄1̄]ZB||[0001̄]WZ  due 
to polytypism, with both of the possible phases in Te-directed 
growth, resulting in a vertically oriented structure.   

Figure  5 b shows the atomic modeling of growth stages in 
ZnTe epitaxial tripods. The growth started with the nucleation 
of a seed with one Te-terminated–{111} facet to be interfaced 
with the substrate. For low temperature growth, the seed could 
grow as pure ZB without any twinning, allowing the completion 
of the seed growth into a {111} octahedra. Meanwhile, since Te-
directed growth is the preferred growth direction in ZnTe, only 
the –{111} facets of the octahedral seed could promote further 
growth. As one of the –{111} facets is already interfaced with the 
substrate, the three –{111} facets experienced further growth in 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
the form of upward-inclined legs at an angle of around 19.5 °  
from the substrate. [  6  ]  Additionally, the three –{111} facets are 
symmetrically arranged on the octahedral seed, resulting in 
120 °  separation between adjacent legs when the tripod is viewed 
from above the substrate (Figure  5 c). With an octahedral seed 
having a triangular facet at the base, the seed could be rotated 
by 60 °  or 180 °  to give a triangular facet with antiparallel direc-
tion with respect to the original octahedra. However, both of 
these orientations have identical atomic arrangements, giving 
rise to the same epitaxial relationship with the substrate. Cor-
respondingly, two orientations are allowed, resulting into two 
antiparallel tripod orientations. Therefore, the presence of only 
two possibilities of in-plane alignment orientation (Figure  3 ) is 
also in accordance with the seeded growth mechanism with an 
octahedra. [  6  ]  Animated movies modeling the formation of nano-
rods and tripods can be found elsewhere. [  37  ]  

 Regarding the role of the substrate, muscovite mica—by 
virtue of its layered structure—has been established as a suit-
able substrate in van der Waals epitaxy of various materials. [  10  ,  13  ]  
Van der Waals epitaxy mediates the substrate and the atoms 
at the base of the epitaxial nanostructures with van der Waals 
interaction, instead of via chemical bonding as in the case of 
conventional heteroepitaxy. [  9  ]  Thus, the usage of muscovite 
mica allows the alleviation of requirement in lattice matching 
for the growth of well-crystallized ZnTe nanostructures ( ≈ 17% 
mismatch). Moreover, as van der Waals interactions could arise 
between induced dipoles, there is no requirement for ionicity 
to be placed on the surface of muscovite mica. Various crystal 
planes can be heterointerfaced regardless of the polarity (e.g., 
Zn 2 +   or Te 2-  monolayer), as we infer from the STEM data. Fur-
thermore, in the growth of tetrapods (Supporting Information 
Figure S5 and simulated 3D atomic models [  37  ] ), we conclude 
that it is possible to have other nonpolar planes to be interfaced 
with the substrate, resulting in the tilted tetrapods via second 
order twinning seed. [  40  ]  

 Particular to the result on polarity, we note that muscovite 
is well-known to have a polar surface with K  +   termination. [  41  ]  
Thus, the conclusion that any polarity of ZnTe could be grown 
despite the polar surface of mica, combined with the principle 
in van der Waals epitaxy where chemical bonding and lattice 
strain is not prominent, means that the substrate has less infl u-
ence in determining the polarity of nanostructures. This is a 
major difference between van der Waals epitaxy and conven-
tional homo-/heteroepitaxy, where polar substrates dictate the 
polarity of overlayer. Not all of the polarity of a material could 
be interfaced in a conventional epitaxy with a polar substrate 
since paratwin and inversion of polarity is uncommon. Thus, 
a specifi c combination of material and substrate with conven-
tional epitaxy could not produce nanorods (Zn-terminated base) 
and tripods (Te-terminated base) simultaneously if the material 
is always growing in only a specifi c direction, such as along 
–[111] ZB  for ZnTe. 

 Beside the difference between the polarities of the nucleus 
formed above the substrate, the growth of nanorods and 
branched structures differ depending on the way the substrate 
was prepared prior to growth. Samples with dominant growth 
of nanorods were obtained with the application of deionized 
water, whereas the growth of tripods and tetrapods is more 
common on substrates without such treatment. Differences 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 1636–1646
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between substrates strongly suggest that the application of 
water to the substrate prior to the growth does have a role in 
causing the Te-terminated base polarity to be preferable, thus 
giving rise to vertically oriented structures. However, the exact 
mechanism responsible for such a phenomenon is still unclear, 
considering that water molecules possibly adsorbing onto the 
substrate are supposed to be evaporated during the high tem-
perature growth.   

 5. Conclusions 

 We have reported the growth of epitaxial nanorods, tripods, and 
tetrapods of ZnTe on muscovite mica substrate. We present a 
fundamental insight as we demonstrate that the selection of 
morphology of nanostructures from van der Waals epitaxy has 
an underlying basis: that crystallinity and polarity play important 
roles in selecting the manifested macro-morphology of nanos-
tructures. Based on intensive structural and crystallinity charac-
terization with electron microscopy, we conclude that twinning, 
polytypism, and polarity were the decisive phenomena in facili-
tating the morphological transition between cylindrical and fac-
eted nanorods, and the formation of branched nanostructures 
in the form of tripods and tetrapods. We also constructed the 
growth models for the three epitaxial structures. Particularly, 
we consider that the primary distinction for the growth of the 
three structures started from the initial formation of nucleus: 
(i) fl at fl ake-like seed with a Zn-terminated base for nanorods, 
(ii) octahedral seed with Te-terminated base for tripods, and 
(iii) second-order twinned octahedral structures seed with a 
truncated octahedra as the fi rst seed for tetrapods. We believe 
that the possibility to contain various seed polarities is a feature 
of growth in van der Waals epitaxy, for the fi rst time resulting 
in variation of epitaxial structures within only a single type of 
substrate. 

 Our results served as a potential scheme in modulating 
the morphology of nanostructures in van der Waals epitaxy 
by exploiting the effects of twinning, polytypism, and polarity. 
With such scheme, we believe that it is possible to produce 
even more complex architectures, subject to the controllability 
of environment during the growth process. The richness of 
aspects in nanostructural growth—many of which yet to be 
investigated in van der Waals epitaxy—also showed that there 
are ample research opportunities in the van der Waals epitaxy 
of nanostructures.   

 6. Experimental Section 
 All samples were synthesized using a home-built vapor transport system. 
A sheet of (001) muscovite mica (KAl 2 (Si 3 Al)O 10 (OH) 2 , muscovite-2M 1 , 
research grade) [  10  ]  was cut into pieces and air-cleaved, to be used as the 
substrate with the freshly cleaved surface facing upward. For the growth 
of nanorods, deionized water was drop-cast onto the substrate and left 
for 5 min before the substrate was blow-dried. Meanwhile, no surface 
treatment on the substrate was conducted for the growth of tripods and 
tetrapods. The substrate was positioned downstream inside a quartz 
tube mounted on a single zone furnace (Lindberg/Blue M TF55035C-1), 
with its upstream edge at a distance of 13 cm from the center of the 
furnace. ZnTe powder (99.99%, Alfa Aesar) was put into a quartz boat, 
which was located in the center of the furnace. The vapor transport 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 1636–1646
system was evacuated to the base pressure of  ≈ 20 mTorr, after which 
30 sccm of Ar gas premixed with 5% H 2  was fl own to allow the system 
to stabilize at 50 Torr. The temperature of the furnace was thus elevated 
to 750–850  ° C, kept constant for 30 min, and allowed to reach room 
temperature naturally. 

 Morphology and crystallinity characterizations were performed with 
fi eld-emission SEM (JEOL JSM-7001F) and HRTEM (JEOL 2010F with a 
fi eld emission gun operated at 200 kV). Aberration-corrected HAADF-
STEM and ABF-STEM were performed on a FEI Titan 60–300 keV 
operated at 300 kV. The as-grown samples were dispersed in isopropanol 
by ultrasonication, followed by the drop-casting of the suspension to a 
lacey carbon grid (Electron Microscopy Sciences) for ABF-STEM and 
HAADF-STEM observation. Geometric 3D atomic models of the growth 
mechanism were constructed using the Rhodius software. [  42  ]   
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