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Abstract: Selecting specific 2D building blocks and specific
layering sequences of van der Waals heterostructures should
allow the formation of new materials with designed properties
for specific applications. Unfortunately, the synthetic ability to
prepare such structures at will, especially in a manner that can
be manufactured, does not exist. Herein, we report the targeted
synthesis of new metal-semiconductor heterostructures using
the modulated elemental-reactant technique to nucleate specific
2D building blocks, control their thickness, and avoid epitaxial
structures with long-range order. The building blocks, VSe, and
GeSe,, have different crystal structures, which inhibits cation
intermixing. The precise control of this approach enabled us to
synthesize heterostructures containing GeSe, monolayers alter-
nating with VSe, structural units with specific sequences. The
transport properties systematically change with nanoarchitec-
ture and a charge-density wave-like transition is observed.

The discovery of graphene in 2004 and subsequent prepara-
tion of isolated monolayers of layered materials, such as ABN
and transition-metal dichalcogenides, have had a profound
effect on the fields of condensed-matter physics and materials
science."™ Mechanical exfoliation, chemical isolation, and
van der Waals epitaxy via vapor deposition have all been
shown to yield 2D structures.”>”) The next big advance was
the creation of heterostructures by stacking different 2D
crystals on top of each other in a chosen sequence, creating
artificial materials."™'"! To form these van der Waals hetero-
structures, two 3D van der Waals compounds (such as
graphite, MoSe,, NbSe,, WSe, ...) are typically cleaved at
their van der Waals gap and placed on top of one another to
form novel heterostructures. Heterostructures open a pathway
to materials by design and offer potentially enhanced
performance in many applications including energy conver-
sion and storage, catalysis, sensing, and memory devices.'>°]

The major challenges in forming van der Waals hetero-
structures were recently summarized by Geim and Grigor-
ieva.'! They provided “three rules of survival” to guide this
growing field: 1) the parent 3D structure should have a melt-
ing temperature above 1000 °C so that the 2D sheet is stable at
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room temperature, 2) the 3D structure must be chemically
inert so that no decomposed surface layer forms in air or any
other environment, 3)insulating and semiconducting 2D-
crystals are more likely to be stable compared to metallic
ones. Other challenges for scientists in this field include
avoiding epitaxial relationships between the 2D structures
and the substrate and precisely controlling the chosen
sequence and thickness of the constituent layers of the
heterostructure.

The modulated elemental-reactants (MER) technique
provides a way to overcome these challenges. The MER
approach precisely controls the layer sequence and nano-
architecture of intergrowths of a transition-metal dichalcoge-
nide and a rock salt structured constituent by using designed
precursors where no epitaxial relationship between the
constituents or the substrate exists.'®'") Herein we show the
successful synthesis of heterostructures of VSe, (metallic) and
GeSe, (layered semiconductor with melting point of 742°C),
which violate the survival rules outlined by Geim and
Grigorieva. Bulk GeSe, has a GeS,-type crystal structure
with a-, b-, c-lattice parameters and S of 0.7016(5) nm,
1.6796(8) nm, 1.1831(5) nm and 90.65(5)° respectively,?”
and was reported to have strong covalent bonding within
the corrugated GeSe, sheets. Bulk VSe, crystallizes in a 17
polytype”! and is among the most thoroughly investigated
transition-metal dichalcogenides owing to its charge-density
wave transition with an onset temperature of 100 K.?>?¥ The
different structure types makes intermixing of Ge and V less
likely.”™ To our knowledge, GeSe, has not been considered as
a potential candidate for forming heterostructures.'’’ As
a member of the IV-VI family of semiconductors, bulk GeSe,
has a wide band gap (ca. 2.3eV) and has potentially
promising applications in electronics, optoelectronics, and
renewable energy devices. There are limited reports of
nanostructured GeSe, in the literature.?*"!

To prepare the targeted intergrowth structures, we
deposited specific sequences of bilayers of Ge and Se and
bilayers of V and Se in 1:2 atomic ratios onto a silicon or
quartz substrate via physical vapor deposition (PVD). An
iterative calibration process was carried out to obtain 1:2
ratios of Ge and V to Se within each of the bilayers, and to
obtain the targeted misfit ratio between these two different
bilayers.”! The precursors were self-assembled into the
targeted metastable compounds by a short low-temperature
annealing process (Figure 1a). By varying the number of each
of the bilayers deposited, the compounds VSe,(m)-GeSe,(n),
where m =2-4 and n=1 and m =3, n =2, were synthesized.
Throughout the manuscript we identify the compounds with
a short-hand notation of (m,n) indicating the number of
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Figure 1. Structural information for the VSe,~GeSe, heterostructures. a) Energetic requirements and reaction pathway for the formation of the
VSe,(m)—GeSe,(n) heterostructures where m=2-4 and n=1-2. b) Specular X-ray diffraction patterns of VSe,(m)-GeSe,(n). c) In-plane X-ray
diffraction patterns of VSe,(3)-GeSe,(1) and VSe,(3)-GeSe,(2). d) Rietveld refinement of VSe,(3)-GeSe,(2), the error of atomic plane distances is
below 0.002 nm.

(VSe,, GeSe,) layers, respectively (Figure 1a). Figure 1b  Waals gap distances between the layers were refined yielding
shows the specular X-ray diffraction patterns of the com- the distances between atomic planes along the c-axis. The
pounds where n=1-2 and m =2-4, which con-
tain only (00/) reflections. The calculated c-
lattice parameters increase by 0.609(2) nm per GeSe,  Vse, VSe,(3)-GeSe,(1)
VSe, layer, which is close to that reported for 2 \ - p— :
intergrowths of VSe, with rock salt structured
constituents.’?! The GeSe, layer adds 0.670-
(4) nm (i.e. the thickness of a GeSe, monolayer)
to the c-lattice parameter of the (m,1) com-
pounds. In the (3,2) compound, the thickness of
the bilayer GeSe, was calculated to be 1.125-
(6) nm, which is close to the c-lattice parameter
of bulk GeSe,.?"

To gain more insight into the structural
arrangement of the heterostructures, Rietveld
refinements of the 00/ reflections for the (3,1)
and (3,2) compounds were conducted (Fig-
ure 1d). Fixing the atomic plane distances for

Figure 2. STEM image and an EDX map of the (3,1) heterostructure. a) STEM image of
the VSe,(3)-GeSe,(1) compound with VSe, corresponding to the bright layers and

the GeSe, to those found in the bulk compound,  GeSe, corresponding to the dark layers. b) EDX map of the area highlighted by the

the atomic planes of the VSe, and the van der yellow square in (a). Ge red, V green.
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resulting van der Waals gaps a)
are VSe,—VSe,: 0.300(2) nm;
VSe,~GeSe,:  0.292(2) nm;
and GeSe,~GeSe,: 0.243-
(2) nm. The GeSe,~GeSe,
gap is larger than the bulk
value (0.213 nm)? and the
VSe,—VSe, distance is simi-
lar to its bulk counterpart
(0.297-0.306 nm)"*  (Fig-
ure 1d). These results indi-
cate that the heterostruc-
tures contain monolayers of
GeSe,.

In-plane X-ray diffrac-
tion supports the structural
refinement, containing
reflections consistent with

VSe,

VSe,

VSe,

VSe,

VSe,

VSe,

GeSe,

L aa Y o g

lGe o Se O

the presence of independent

vo|

crystal structures for both
constituents. Indexing the
reflections shows that spe-
cific planes of both constitu-
ents are parallel to one
another and are crystallo-
graphically aligned to the substrate. The in-plane lattice
parameters, given in Figure 1c, are in good agreement with
those of the bulk compounds,”**! which supports the
interpretation of minimal cation intermixing across the
interfaces. The lattice mismatch along the a- and b-axis and
different in-plane geometries (hexagonal and monoclinic)
reinforce that this synthesis technique does not require an
epitaxial relationship between the constituents.

Further confirmation of the formation of distinct VSe,
and GeSe, layers is provided by transmission electron
microscopy. Figure 2a shows a high-angle annular dark field
(HAADF) scanning transmission electron microscopy
(STEM) image of VSe,(3)-GeSe,(1) showing the clearly
distinguishable layers. The corresponding energy dispersive
X-ray spectroscopy (EDX) maps for Ge and V in Figure 2b
demonstrate the strong partitioning of the cations to their
specific layers.

Additional insights concerning the structure of these new
compounds containing thin slabs of GeSe, are provided by the
HAADF-STEM images of the (3,1) heterostructure shown in
Figure 3 and Figure 4. In Figure 3b, a cross-sectional view of
the entire film is presented with a total film thickness of 50 nm
corresponding to 20 structural units. Continuous stacking of
three VSe, layers (bright in Figure 3b) followed by a single
GeSe, layer (dark in Figure 3b) is found throughout the
sample, without any stacking defects and with atomically
sharp interfaces between the constituents. Several different
crystallographic orientations between subsequent layers were
found indicating rotational disorder. Similar disorder was
found in previous compounds synthesized via the MER
technique.!'"!

Figure 4a highlights a region of the STEM image with
a [100] zone axis orientation of GeSe,, and the b- lattice
parameter of 1.70(5) nm, which is consistent with the in-plane

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Superlattice structural representation and HAADF-STEM image of the (3,1) heterostructure. a) Two
structural units of the VSe,(3)—GeSe,(1) compound highlighting rotational disorder indicated by white
marks. b) HAADF-STEM image of VSe,(3)—-GeSe,(1) with all the 20 consecutive structural units of the (3,1)
compound. The highlighted areas labeled 4a, 4c, and 4d refer to the close up images in Figure 4.

ARRAAA0] - Ve,
S 10) - VSe,

Figure 4. HAADF-STEM images of the (3,1) heterostructure. a) A
monolayer GeSe, structure with a section that contains the GeSe,
structure shown. b) An enlargement of Figure 4a illustrating the [100]
orientation of the GeSe, structure. An enlargement of Figure 3b where
the same (c) or different (d) VSe, orientations are observed.
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X-ray diffraction discussed above. The periodicities of the
observed intensity modulations are consistent with those
expected from a [100] oriented slice of the bulk structure (see
inset of Figure 4a). This supports our assertion that a mono-
layer of GeSe, is incorporated into these new compounds.
Regions of the VSe, layers down the [110] zone axis are
consistent with a Se-V-Se trilayer with V in octahedral
coordination (Figure 4c). A close inspection of the VSe,
layers contains regions that are not stacked as expected for
a 1T-polytype (Figure 4d). To our knowledge this has never
been observed before, and highlights the rotational disorder
between layers in these new compounds.

All the VSe,~GeSe, heterostructures exhibit metallic
behavior, agreeing with theoretical calculations by Terrones
that predict metal-semiconductor heterostructures to exhibit
metallic behavior.” A significant change of the magnitude as
well as the temperature dependence of the resistivity is
observed as the ratio of the constituents is varied (Figure 5a).
The resistivity increases with the content of GeSe, per repeat
unit as would be expected for a larger amount of the
semiconducting component. All of the compounds exhibit
an anomaly, which changes in magnitude and onset temper-
ature systematically with the amount of GeSe, per repeat
unit. The magnitude of the anomaly is much larger than the
charge-density wave transition observed in bulk VSe, or any
reported VSe, nanostructures. For the (2,1) compound, an
increase in the resistivity by a factor of two is observed, which
is higher than reported for the charge density wave in VSe,
containing intergrowth compounds.””

To get deeper insight into the observed changes in
electrical resistivity, Hall effect measurements were con-
ducted (Figure 5Sb). While bulk VSe, has a small negative Hall
coefficient at room temperature, owing to its nearly half filled

o

d-band, all the VSe,—GeSe, compounds have a positive Hall
coefficient at room temperature suggesting charge transfer
from GeSe, to VSe, has occurred. The Hall coefficient of bulk
VSe, becomes increasingly negative with an abrupt change in
slope at the charge-density wave onset temperature of
100 K.?2 The Hall coefficients of the (3,1) and (4,1) com-
pounds linearly decrease as temperature is decreased, chang-
ing sign at about 175 K with a change in slope at 150 K and
100 K, similar to that of bulk VSe, respectively. These changes
correlate with the observed increases in resistivity at around
130 K and 100 K observed in the (3,1) and (4,1) compounds
respectively. The change in sign of the Hall coefficient
indicates that both electrons and holes contribute to the
conductivity. The sign of Ry for the (2,1) compound remains
positive throughout the temperature range investigated and
shows a sharp increase at the same temperature where the
resistivity increases, also suggesting that carriers are localized
as would be expected in a charge-density wave. This
evolution, as the thickness of the VSe, constituent layer
decreases, highlights the sensitivity of properties to the nano-
architecture of the layering sequence. Examining Ry; for the
(3,2) compound allows us to begin to separate the effect of
constituent thickness from the ratio of constituents. The sign
of Ry is positive but an order of magnitude smaller than
observed for the (2,1) compound. There is a smooth increase
by an order of magnitude in Ry as temperature is decreased
between 150 K and 100 K. Again, the change in Ry corre-
sponds to the observed increase in the resistivity. Comparing
the Hall coefficients at low temperatures reveals electrons
and holes as majority carrier types for the heterostructures
with n/m ratio below and above 0.35 respectively (Figure 5c¢).
This further indicates that with increasing content of GeSe,,
the electronic structure of the heterostructures is significantly

altered from that of bulk

VSe, !
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Figure 5. Electrical transport properties of VSe,(m)—GeSe,(n) where m=2-4 and n=1 or 2. a) Temperature-
dependent resistivity. Note: the break in the y-axis. b) Temperature dependent Hall coefficient. Note: the scale
change in the y-axis. c¢) Hall coefficient at 95 K as a function of n/m ratio.
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magnitude of this anomaly can be tuned by varying the
layering sequence. This example demonstrates that the MER
technique provides a powerful alternative to other synthesis
methods and allows several present limitations to a set of
materials accessible for van der Waals heterostructures to be
overcome, such as cation intermixing across constituents,
epitaxial relationships, restriction to semiconducting and
insulating constituents, and formation of a limited number
of sheets of the heterostructure compounds.

Experimental Section
We used the modulated elemental reactant (MER) technique to
synthesize the compounds reported via physical vapor deposition.
The sequential deposition technique which requires an extensive
calibration is described in detail elsewhere.>

Specular and in-plane X-ray diffraction measurements were
performed on a Bruker AXS D8 diffractometer and Rigaku Smar-
tLab equipped with Cuy, (0.154 nm) radiation, respectively. High
angular annular dark field scanning transmission electron microscopy
(HAADF-STEM) samples were prepared on an FEI Helios Nano-
lab 600 Dual Beam focused ion beam (FIB) using a method
developed by Schaffer et al.’” HAADF-STEM imaging was per-
formed on an FEI Titan 80-300. EDS analyses were conducted using
a probe-corrected FEI Titan G2 80-200, operated at 200 keV and
equipped with a SuperX large area windowless X-ray detector array.
Transport property measurements were conducted using a standard
van der Pauw technique to acquire the in-plane electrical resistivity
and Hall coefficient of the compounds in a temperature range of 10—
295 K.
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