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Strong in-plane anisotropy in the electronic properties of doped transition metal dichalcogenides
exhibited in W1−xNbxS2
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We study the electronic properties of monolayer transition metal dichalcogenide materials subjected to
aliovalent doping, using Nb-doped WS2 as an exemplar. Scanning transmission electron microscopy imaging of
the as-grown samples reveals an anisotropic Nb dopant distribution, prompting an investigation of anisotropy
in electronic properties. Through electronic structure calculations on supercells representative of observed
structures, we confirm that local Nb atom distributions are consistent with energetic considerations, although
kinetic processes occurring during sample growth must be invoked to explain the overall symmetry-breaking.
We perform effective band-structure and conductivity calculations on realistic models of the material that
demonstrate that a high level of anisotropy can be expected in electronic properties including conductivity.
In-plane anisotropy of the conductivity is predicted to be as high as 5:1, which is higher than previously observed
in any TMDC system in the [Mo,W][S,Se]2 class.
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I. INTRODUCTION

The varied properties of transition metal dichalcogenides
(TMDCs) have given these novel materials a central role in
the rapidly-growing field of two-dimensional materials. They
show promise in applications including electronic devices, na-
noelectronics and optoelectronics [1–8]. The specific category
of TMDCs of the form MX2 where M = Mo, W and X = S,
Se has been particularly widely studied, and the high quality
electronic properties these materials exhibit are increasingly
being integrated into devices [5,9–16]. For example, current
on/off ratios of order 108 have been achieved in MoS2 and
WSe2 monolayers. High mobilities, ∼200 cm2 V−1 s−1 and
83 cm2 V−1 s−1 can also be realized for MoS2 monolayer
and WSe2 monolayer respectively [5,12]. Furthermore, the
ambipolar behavior of MX2 paves the way to application in
field-effect transistors [13,14]. To achieve more functional
TMDCs, the controllable introduction of charge carriers is
widely applied.

Two-dimensional materials make feasible several novel
ways to introduce carriers (e.g., gating and adatoms), but
the traditional approach, as in the semiconductor industry,
remains substitutional doping with acceptor or donor impu-
rities. An analogy to use of B as an acceptor and P as a
donor for silicon [17–19] suggests (Nb, Ta) as hole donors
[4,20,21] and (Tc, Re) as electron donors [22,23] for MX2

devices. Aliovalent dopant impurities can be expected to have
strong effective interactions between impurity atoms that may
influence dopant distributions.
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Doping levels as high as 15% mean individual dopant
atoms cannot be considered isolated, which raises the ques-
tions of how they are distributed, how this depends on the
growth conditions and synthesis approaches, and how this
distribution influences other properties [24]. Our previous
studies of alloy TMDCs with atomic-resolution imaging have
observed an effectively random distribution of dopants for
highly compatible TM atoms, as in Mo1−xWxS2 alloys [25].
Conversely, Azizi et al. produced nonrandom and vibra-
tionally anisotropic stripe patterns [26] which ran parallel to
the edges of the triangular flakes in monolayer Mo1−xWxS2

around 50% doping. Their appearance was considered to be
a kinetic effect and is also affected by the fluctuations related
to the local chemical potentials of transition metal atoms and
chalcogen atoms. Azizi et al. later observed atomic ordering in
NbxRe1−xS2 resulting from competition between geometrical
constraints and nearest-neighbor interactions [27].

Such patterns hold promise in the creation of controllable
levels of anisotropy. Properties previously observed to show
anisotropy in low-dimensional materials include mechanical,
electronic, and thermoelectric transport [28–30]. To date, this
anisotropy has mostly resulted directly from reduced symme-
try of the crystal structure, such as the distortions observed
in transition metal tellurides. Controllable bottom-up syn-
thesis of materials with high overall symmetry but built-in
anisotropy in their local composition is a very promising
alternative that could lead to considerably greater degrees of
tunable anisotropy [31,32].

In this work we study W1−xNbxS2: Considering this as an
alloy of a metal (NbS2) and a semiconductor (WS2), we can
expect significant deviations from the behavior of either par-
ent material. At very low x, a metal-semiconductor transition
can be expected as the doping concentration decreases, while
at higher Nb concentration, clustering may occur, depending
on the details of the Nb-Nb interactions. Previous studies of
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FIG. 1. (a) STEM image for W0.9Nb0.1S2 monolayer (bright, W; dark, Nb). (b) Top view and (c) side view of atomic structure from a
region of (a), where the a axis and b axis are indicated (red, Nb; blue, W; yellow, S). (d) First Brillouin zone of the unit cell with some specified
k-points indicated. The arrows show the directions parallel and perpendicular to the line.

W1−xNbxS2 with atomic-resolution imaging have used sam-
ples with relatively low doping levels, e.g., in Gao et al. [33]
where x ∼ 6.7% is seen. By contrast, we focus on a higher
doping level, x ∼ 10%, where Nb-Nb interactions become
more prevalent.

We are motivated by surprising results from our growth
of W1−xNbxS2 samples, which on examination in scanning
transmission electron microscopy (STEM) show a high degree
of anisotropy in the distribution of Nb atoms [Fig. 1(a)].
Nb atoms appear to cluster into aligned line segments: Our
goal in this work is therefore to predict and explain what
consequences this has in terms of anisotropy in the electronic
properties.

Clear evidence of a semiregular striped pattern is seen,
which we find corresponds to single-atom stripes predomi-
nantly comprising NbS2, spaced by around 4- to 5-unit cells
comprising predominantly WS2. We perform simulations to
understand three key properties that combine to influence the
electronic behavior of 2D alloy systems. First, we investigate
the energetic ordering of chosen motifs for dopant distribu-
tion. We study exemplar arrangements of Nb atoms to test
whether these structures are energetically feasible. We then
calculate the electronic band structure of this material with
a range of dopant distributions to show that the electronic
properties are sensitive to the anisotropy in the distribution
of Nb dopants. Finally, we calculate conductivities of these
model structures and estimate the level of in-plane anisotropy
in the conductivity that can be achieved in realistic systems.

II. EXPERIMENTAL METHODOLOGY

A. Material synthesis

W0.9Nb0.1S2 single crystals were synthesized via chemical
vapor transport (CVT) following similar protocols to previous
reports [25,34]. First, powders of the pure elements Nb (purity
99.99%, Sigma-Aldrich), W (purity 99.99%, Sigma-Aldrich),
and S (purity 99.99%, Sigma-Aldrich) were mixed stoichio-

metrically and sealed in a quartz ampoule. The mixture was
heated to 1000 oC and maintained at that temperature for 3
days, forming a high-quality alloy compound. This compound
was transferred to a new quartz ampoule and iodine (purity
99.99%, Sigma-Aldrich) was added. The ampoule was evacu-
ated to 10−6 mbar in ice and sealed. The quartz ampoule was
placed in a three-zone furnace for crystal growth by CVT.
The charge zone (with the alloy powder) was slowly heated
to 1050 oC and kept at this temperature for 20 days, with the
growth end at 950 oC. After the ampoule was cooled down
to room temperature, the ampoule was opened in air, and the
as-grown crystals were collected from the growth end of the
ampoule.

B. Atomic resolution imaging

To enable atomic resolution imaging of the monolayer
structure by STEM, monolayer W0.9Nb0.1S2 flakes were
encapsulated in graphene to increase their stability under
the electron beam, as reported previously for Mo1−xWxS2

samples [25]. The W0.9Nb0.1S2 single crystals were me-
chanically exfoliated onto chemical vapor deposition (CVD)-
grown graphene on copper and subsequently a layer of
polycarbonate (PC)-coated CVD-grown graphene was trans-
ferred on top. The copper underneath was etched away using
ammonia persulphate, then the PC supported stack was gen-
tly washed via several fresh batches of deionized water.
The resultant graphene-encapsulated W0.9Nb0.1S2 flakes were
wet-transferred onto a fresh TEM grid and the PC film was
washed away with acetone. STEM analysis was performed in
a JEOL ARM200F TEM with CEOS probe and image aber-
ration correction at 80 kV acceleration voltage. The annular
dark field images were recorded at a probe current of 23 pA
and a convergence semiangle of 25 mrad via a JEOL annular
field detector with an inner and outer collection semiangle
of 45 and 180 mrad, respectively [35,36]. The scanning rate
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was typically 10 μs per pixel; each image consists of 4096 ×
4096 pixels.

III. THEORETICAL BACKGROUND AND
COMPUTATIONAL METHODS

The total energy obtained from a density functional theory
(DFT) calculation on a model system can be used as a sub-
stitute for the free energy (disregarding vibrational effects)
that would determine the likelihood of encountering such a
structure at thermal equilibrium. However, multiple factors
indicate that in fabricating this particular alloy crystal by CVT
method we obtain structures determined by the kinetics of
the growth process [26], rather than distributions representing
thermal equilibrium. One key indication is that there is a
symmetry-breaking, presumably provided by the growth front
during the CVT process, which leads to the formation of line
segments of dopants, all aligned with each other over the
length scale of an entire flake of micrometer size.

Within such a nonequilibrium kinetic process, multiple
factors such as temperature, relative ratio of the precursors,
growth rate, and some intrinsic parameters that influence the
activation energy are all capable of producing different growth
morphologies [37]. We therefore do not seek to determine
from our calculations what dopant distribution motifs would
be present for an equilibrated structure, but rather take inspira-
tion from the observed distributions, as illustrated in Fig. 1(a)
and study idealized models of chosen motifs. This is not
intended to be an exhaustive coverage of the motifs, but rather
an illustrative selection of those that are present.

To determine the feasibility of the structures observed from
the point of view of energetics, we define the formation energy
for a specific W1−xNbxS2 alloy supercell labeled S, relative to
the perfect WS2 monolayer, as [38]:

�EF(S) = ET(S) − E perf
T +

∑
i

mS
i μi, (1)

where �EF(S), ET(S), and E perf
T are the formation energy, to-

tal energy of the alloy model supercell S, and the total energy
of the corresponding WS2 monolayer supercell, respectively;
μi is the chemical potential of species i (Nb or W) and mi(S)
is the number of substituted atoms of species i in model S.

Taking this model supercell to represent a cluster of dopant
atoms, we can then define a binding energy of this cell relative
to the corresponding number of isolated dopant atoms:

EB = EF(mNb) − mEF(1Nb)

= ET(mNb) − mET(1Nb) + (m − 1)E perf
T , (2)

where EB, ET(mNb), and ET(1Nb) refer to the binding energy,
total energy of m substituted Nb atoms, and 1 substituted Nb
atom, respectively.

We use the functionality available in ONETEP for cal-
culating effective band structure (EBS) [39,40] to obtain
the spectral function for models of the W1−xNbxS2 mono-
layer. Previously applied to TMDC and posttransition metal
chalcogenide heterostructures [40–42], this spectral function
unfolding method is also appropriate to the band structures of
disordered alloys. The spectral function within the Brillouin

zone of the underlying primitive cell is defined as [1,39]

A( �ki, E ) =
∑
m,n

|〈 �Km| �kin〉|2δ(Em − E ), (3)

where | �Km〉 is a supercell eigenstate with wave vector �K and
band index m, and |�kin〉 is a “primitive cell” eigenstate formed
by unfolding from the BZ of the supercell. This represents
projection of a set of eigenstates |�kin〉 from primitive cell to
the eigenstates from supercell | �Km〉 at energy E .

We utilize a semiclassical Boltzmann Theory [43] to obtain
the conductivity of the alloy models. The conductivity tensor
is given by

σαβ (ε) = 1

N

∑
i,�k

e2τi,�k vα (i, �k) vβ (i, �k)
δ(ε − εi,�k )

dε
, (4)

where N and e are the number of k-points and the elec-
tron charge, respectively; vα and vβ are the group velocities
given by

vα (i, �k) = 1

h̄

∂εi,�k
∂kα

. (5)

The transport tensor is calculated as

σαβ (T ; μ) = 1




∫
σαβ (ε)

[
−∂ fμ(T ; ε)

∂ε

]
dε, (6)

where 
, μ, and fμ(T; ε) refer to the cell volume, the electron
chemical potential, and the Fermi-Dirac distribution, respec-
tively.

We make use of three simulation packages for the elec-
tronic structure calculations: For smaller supercells, we use
the plane-wave DFT code CASTEP [44]. This was first em-
ployed to calculate the optimized lattice constant of WS2 (3.19
Å), NbS2 (3.35 Å) (consistent with other experimental and
theoretical results [45,46]), and of the alloys. Calculations
to determine the energetic preference of different dopant ar-
rangements are also performed in CASTEP to ensure results
that are very well converged with respect to basis size. In
CASTEP, a fixed cut-off energy of 500 eV is used throughout,
and the Monkhorst-Pack k-point grids are chosen such that no
spacing was less than 0.11 Å

−1
. On the fly generated ultrasoft

pseudopotentials [47] are used. The supercell sizes used are
chosen to balance the competing demands of avoiding finite
size errors due to spurious periodicity and keeping the com-
putational cost within feasible limits. The total energy was
converged within 1 × 10−5 eV/atom and 2 × 10−5 eV/atom
for electronic minimization and geometry optimization tasks,
respectively.

Spectral function unfolding band-structure calculations are
performed with the ONETEP linear-scaling DST package
[48,49]. We use a cut-off energy of 1600 eV and a NGWF
radius of 13.0 Bohr, and projector-augmented wave [50] data
sets from the GBRV library [51].

In both CASTEP and ONETEP calculations, the generalized
gradient approximation in the scheme of the Perdew-Burke-
Ernzerhof functional [52] is used as the exchange correlation
potential. Given that for any x > 0 this material is metallic, the
ability of the functional to predict band gaps is not relevant
in this case. Previous studies have shown that in the x = 1
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FIG. 2. (a) Binding energy for different types of Nb dopant distribution in a 4 × 4 supercell. The shape of A, B, and C type can be
recognized as line, oblique-L, and oblique-square, respectively. (b) Binding energy for two kinds of B-type dopant distribution, where a and b
refer to the two lattice vectors shown in Fig. 1(b) (red, Nb; blue, W; yellow, S).

parent compound NbS2, both Coulomb and electron-phonon
interactions can individually have a strong effect [53], but
their combined effect produces a band structure that closely
resembles the noninteracting band structure, so we do not
consider these interactions explicitly in the current work. A
vacuum spacing of 20 Å is used to avoid spurious interac-
tion between isolated layers of W1−xNbxS2. These parameters
were proven to be sufficient to satisfy the convergence
criteria.

For calculations of the conductivity, the BoltzTraP [43]
code was utilized as a postprocessing package, applied to the
results output by the CASTEP package. To enable spin-orbit
coupling, we utilize, within CASTEP, j-dependent pseudopo-
tentials [54] obtained from CCPForge. The integration in
Eq. (6) is performed on a grid with dε = 0.0068 eV. The
number of lattice points is 5 times the number of k-points.
A 8 × 8 × 1 supercell was adopted in the calculation, with
the spectral k-point mesh set to 6 × 6 × 1. Note that the
unknown relaxation time τ , in terms of which the results
are given, is approximated as a constant common to all
calculations.

All figures of the atomic structures and the isosurfaces of
charge density (see Supplemental Material [55]) shown in this
work were displayed through vizualization for electronic and
structural analysis (VESTA) software [56].

IV. RESULTS AND DISCUSSION

A. Energetic ordering of Nb cluster motifs

From Figs. 1(a) and 1(b), in which only the W and Nb
atoms can be seen, we see that the local atomic configura-
tions of the Nb atoms (dark) in W1−xNbxS2 are quite varied,
comprising motifs such as lines, clusters, and isolated atoms.
Judging by the small number of even darker sites, some vacan-
cies may well be present, but it is unclear if these represent
beam damage or are intrinsic, so we will not focus on them

any further. We first study the relative stability of examplars
of local arrangements of Nb atoms from the point of view
of energetics to inform us as to the situation that would be
observed in thermal equilibrium.

Evaluating Eq. (2), we find the binding energy for two
adjacent Nb atoms in WS2 to be −125.79 meV. This negative
binding energy suggests that Nb atoms should tend to cluster
within WS2 if free to equilibrate. The situation is reversed if
we consider the case of NbS2 doped with W atoms, which
produces a positive binding energy of 20.76 meV and suggests
W atoms would not form clusters within a NbS2 monolayer.
For illustrative purposes, in Supplemental Fig. S1 we show
the result of a Monte Carlo simulation of W0.9Nb0.1S2 as-
suming a pairwise interaction of −125.79 meV. For a large
model cell (120 × 120) in thermal equilibrium at 800 K, phase
segregation is observed with two large Nb clusters forming.
The contrast of this behavior with that shown in Fig. 1(a)
demonstrates that kinetic effects during growth must control
the observed dopant distribution.

Figure 2 shows the binding energies for different designs
of prototypical Nb dopant cluster in a 4 × 4 supercell. The
energy differences are relatively small, but significant enough
to conclude that less-linear forms such as B and C types are
more energetically favorable than perfect lines such as A, with
the oblique-L shape cluster emerging as the most stable form
for 4 Nb atoms in this supercell. However, this trend does not
continue to large scale: We classify more extended B-type
clusters based on the length along the two lattice vectors
[see Fig. 1(b) in Fig. 2(b)]. Energetically an oblique-L with
a longer line is the preferred structure for a 4 × 4 cell with
5 dopant atoms. Similarly for 6 atoms, a line comprising
two adjoining 3-membered triangles is favored [see Supple-
mental Fig. S2(a) in the Supplementarl Material]. Isolated
atoms (“point doping” following the nonmenclature of Ref.
[33]) are the least favorable of all the tested configurations
[Supplemental Fig. S2(e) in the Supplemental Material].
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FIG. 3. Atomic configurations of four types of Nb dopant distribution (“random,’ “half line,’ “real,” and “perfect line”) and their
corresponding EBS along � to M. Dashed line: Fermi level (red, Nb; blue, W; yellow, S).

We verify the validity of our conclusions regarding energy
ordering by modeling a selection of larger supercells: Full
results can be found in the Supplemental Material and are
summarized here. First, we extend along b to produce 12
× 4 supercells composed of combinations of the prototype
Nb dopant distributions of Fig. 2. The binding energies of
these models are shown in Supplemental Fig. S3 and con-
firm the oblique-L as the favorable form for groups of 4
atoms. In Supplemental Fig. S4, we show energetics for 6
× 6 supercells that show what happens on substitution of
further Nb atoms into existing structures (4- and 5-membered
lines). A perfect line spanning the periodic system is the
lowest energy structure overall, and we see that the Nb atom
favors completing an existing line rather than occupying any
other site [compare Figs. S4(a) and S4(b) in the Supple-
mental Material]. However, if there is an isolated Nb atom
as well as a 4-atom line, an additional Nb atom prefers
to combine with the isolated atom than the line [compare
Supplemental Figs. S4(c) and S4(d) in the Supplemental Ma-
terial]. This remains the case even if completing the line
would make it periodic [though the difference is much re-
duced; compare Supplemental Figs. S4(e) and S4(f)]. This
confirms the previous observation that two small lines or clus-
ters are more energetically favorable than a single large line or
cluster.

Taken together, these observations help explain why we see
a self-limited length of the lines in the STEM [Fig. 1(a)] and
why there are many small line segments with gaps between
them, rather than an extended perfect line. Considerations of
strain associated with the different sizes of Nb and W could
contribute to explaining why these line segments would be
aligned rather than random. However, overall, the observed
occurrence of linear configurations cannot be explained purely
through consideration of energetics; clearly these must com-
bine with kinetic processes (e.g., fluctuations in the local
availability of transition metal and chalcogenide atoms) as
the monolayer forms, and only jointly do these determine
distributions, with the result that small clusters and lines are
predominant.

B. EBS for realistic model systems

Using the spectral function unfolding method, we can cal-
culate the EBS of large supercells with a range of the realistic
atomic configurations. Figure 3 shows the EBS along � to
M for four kinds of Nb dopant distribution, simulated in 12
× 12 supercells. The case named “real” is copied from a
representative region of the STEM image. A flat band above
the Fermi level is seen in the “perfect line” and “real” cases.
The flat band becomes less obvious in the “half line” and
then is duplicated in the “random.” An obvious flat band may
originate from a longer line (e.g., “perfect line” and “real”).
Note that there is no flat band for point doping [33], indicating
that flat bands are a phenomenon arising from localized states
associated with extended clusters of dopants that strongly
perturb the local electronic structure. A similar argument can
be applied to the EBS along � to K1, K2, and K3, as shown in
Fig. 4. Here we observe that the topmost valence band crosses
the Fermi level, indicating metallic behavior for all Nb dopant
distributions associated with significant valence band splitting
due to spin-orbit coupling. It first seems like our metallic re-
sults contrast with the results of Gao et al. [33]. They showed
that the material still a semiconductor for 6.25% Nb doping.
This may be because a continuous transport channel cannot be
formed at that concentration, since the length and separation
of their line segments are shorter and larger than our “half
line” case, respectively, whereas the Nb composition in our
“random” case (11.1% Nb doping) is almost twice as large
as in their calculation. Furthermore, the flat band in the band
structure along � to K1 in the “perfect line” case becomes a
normal band (crossing the Fermi level).

We would naturally expect to observe a higher conduc-
tivity in the direction parallel to the line, resulting from the
presence of extended states along that direction. The band
structure of the “real” case lies somewhere between the two
extreme cases of “perfect line” and “random” since the “real”
distribution can be seen as being comprised of line, point, and
other distributions, with some gaps as in the “half line” case.
The charge density distributions of the topmost bands in the
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FIG. 4. Atomic configurations of four types of Nb dopant distribution (“random,’ “half line,” “real,” and “perfect line”) and their
corresponding EBS along � to (K1, K2, and K3) [defined in Fig. 1(c)]. Dashed line, Fermi level.

“real” case are concentrated in the regions around Nb atoms
(major) and W atoms (minor) with both mostly contributed
by d orbitals for VBM and the flat bands, while the CBM is
mostly contributed by the d orbitals of W atoms, with a much
smaller component on Nb atoms (Supplemental Fig. S5 in
the Supplemental Material). It is worth noting that the charge
distributions of the two supercell eigenstates most strongly
associated with the two flat bands seen near � in Fig. 4
are well separated in space (hence their energy separation),
whereas those at K are much more delocalized.

C. Calculated semiclassical conductivities

From Fig. 4, we observe a very interesting phenomenon in
the EBS along � to K1 for the “perfect line” case, namely
that it appears close to exhibiting insulating behavior along
the �-K2 and �-K3 directions (no bands crossing the Fermi
level, as the split-off bands are almost entirely separate) but is
clearly metallic along �-K1 (i.e., for k vectors aligned with the
line, there are bands crossing the Fermi level). Therefore, we
now calculate and compare the conductivity of the four types
of Nb dopant distributions along two real-space directions:
Parallel to the dopant line and perpendicular to the dopant line,
as indicated schematically by means of green arrows in Fig. 5.
In Fig. 5, the “real (line Nb)” and “real (isolated Nb)” are
based on two hand-chosen, but nevertheless representative,
8 × 8-cell regions from the STEM image in Fig. 1(a). The

calculated conductivities, expressed in units of the relaxation
time τ , are around 1018. The conductivity is plotted against
n, representing a chosen level of extrinsic carrier doping
which moves the Fermi level. For an alloy sample with a
carefully chosen Nb content and no other intentional doping,
the most relevant value is around n = 0 but for context we
show a range of doping concentration from −5 × 1014 cm−2

to 5 × 1014 cm−2.
We find, as anticipated, that it is possible to observe highly

anisotropic conductivity, especially for the “perfect line” case,
but also to a significant extent for the “real (isolated Nb),”
“real (line Nb),” and “half line” cases. For all four cases,
the conductivity along the direction parallel to the line is
substantially higher than the conductivity along the direction
perpendicular to the line, resulting in a ratio ranging from
1.6 [“real (isolated Nb)”] to 17.2 (“perfect line”) at the peak,
which in all those cases occurs very close to zero extrinsic
doping. Here, extrinsic doping refers to dopant charge arising
from any species other than the Nb arising from the chosen
alloy concentration x. Although the concentration of Nb atoms
in the “random” (x = 0.219) and “real (line Nb)” (x = 0.141)
models are higher, while for “real (isolated Nb)” it is the same
as the “perfect line” (x = 0.125), the highest anisotropy ratio
happens at the “perfect line” case at zero extrinsic doping with
a value of about 17.2. This may be because holes can move
much more easily in the direction parallel to the line compared
with other dopant distributions. Combined, these observations

245410-6



STRONG IN-PLANE ANISOTROPY IN THE ELECTRONIC … PHYSICAL REVIEW B 103, 245410 (2021)

FIG. 5. The top panels show the atomic configurations of five types of Nb dopant distribution: ‘Random” (x = 0.219), “real (isolated Nb)”
(x = 0.125), “half line” (x = 0.063), “real (line Nb)” (x = 0.141), and “perfect line” (x = 0.125) (red, Nb; blue, W; yellow, S). The bottom
panels show their corresponding conductivities (in units of relaxation time) along the direction of parallel to the line and perpendicular to the
line as a function of doping concentration at T = 300 K. The middle panels (blue lines) show the ratio of the conductivity along the direction
parallel to the line to that in the direction perpendicular to the line to clearly illustrate the anisotropy.

strongly indicate that the real samples would display a degree
of anisotropy somewhere in the range exhibited by the sam-
ples measured here.

Notably, the second highest ratio of the modeled systems,
at exactly zero extrinsic doping, is the “real (line Nb)” case
(ratio �5.0). One can infer that the conductivity ratio in
the “real (line Nb)” case is higher than in the “half line”
(�1.8) case because the former includes a more continuous
Nb line than the latter; specifically, two gaps of one site
reduces the matrix element for hopping by less than one gap
of 4 sites does, for these models. The “perfect line” (3.72
× 1018 
−1 m−1 s−1) has only twice as large a conductivity as
the “real (line Nb)” case (1.89 × 1018 
−1 m−1 s−1) along the
direction parallel to the line at zero doping concentration [al-
though the “perfect line” model has a slightly lower Nb con-
centration than the “real (line)”]. This implies that the influ-
ence on conductivity of the extra Nb doping is much stronger
than the limitations imposed by hopping of holes. Meanwhile,
the conductivity of the “perfect line” model, along the di-
rection perpendicular to the line, is 57% that of the “real
(line Nb),” resulting in an anisotropy ratio 3.4× larger for the
“perfect line” case compared to the “real (line Nb)” case. The
anisotropy ratio of the “random” model is of course the low-
est; by chance, the value is below 1 (ratio � 0.7) for this partic-
ular realization. Therefore, we conclude that the conductivity
and its anisotropy can be very significantly increased by in-
creasing the strength and degree of geometric perfection of the
line formation in the WS2 monolayer and is also influenced by
the total concentration of Nb dopant atoms. It remains to be
seen how perfect a line can be formed in real systems, given
the limitations of the growth processes, but the fact that the
“real” models show high anisotropy is very significant.

V. CONCLUSIONS

We observe highly anisotropic distributions in samples of
an examplar TMDC subjected to aliovalent doping, namely
W1−xNbxS2. We examine using theoretical methods the con-
sequences this has for band structure and conductivity. The
anisotropic configuration, in particular the highly coherent
line structures observed in our as-grown samples, has been
partly explained from the point of view of energetics, yet
kinetic effects must still play an important role in the forma-
tion mechanism of the specific patterns of dopant distribution,
particularly in regard to symmetry-breaking by the growth
front.

The EBS and the conductivity both reflect the anisotropy
of the dopant distribution. Furthermore, a very high level of
anisotropy in the conductivity can be realized by increasing
the length, spacing, and degree of perfection of the line pattern
of substitutional dopants, as well as by the overall dopant
composition. While the exact degree of anisotropy will de-
pend on the dopant distribution, in our model systems we
find conductivity ratios as high as 5:1 for realistic models of
W1−xNbxS2 with x in the range 0.05 to 0.22. Crucially, it is
not necessary to invoke extended “perfect” lines of dopants,
which are in any case not observed experimentally, in order to
predict high levels of in-plane anisotropy in the conductivity.

Our study is restricted to the W1−xNbxS2 monolayer in
this work, but the similarities of the band structure among
this class of materials means it is reasonable to speculate on
whether similar behavior would be observed for isoelectronic
systems. The most likely candidates are other materials of the
form M1−xDxX2 where M = Mo, W and X = S, Se, and D is
an appropriately chosen aliovalent dopant atom, such as Nb or
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Ta, present in quantities appropriate to somewhat depopulate
the valence-band edge. It may also be possible to see related
behavior in electron-doped systems, though the details will
differ due to the different arrangement of the bands at the
conduction band minimum for TMDCs.

A key consideration for the emergence of structural and
electronic anisotropy in a TMDC alloy is the magnitude of the
binding energy for pairs of the dopants: In an alloy where the
binding energy of pairs of dopant atoms was large enough to
swamp any kinetic effects from the growth process, we would
not expect there to be a significant number of these linear
motifs. However, we should expect to be able to observe them
in many other materials wherever growth parameters can be
tuned to ensure that the kinetic processes (e.g., fluctuation of
local metal and chalcogen chemical potentials [26]) dominate
over the effect of energetics. This can evidently remain the
case even where the binding energy is positive, as can be
verified by comparing two previous works on the Mo1−xWxS2

monolayer, which exhibits a small positive binding energy of
order 7.6 meV for W-W pairs. In our previous work [25],
a random dopant distribution was observed, whereas in the
work of Azizi et al. [26], a striped pattern was seen. This indi-
cates that growth methods, and possibly adjustable parameters
in a given growth method, could be used to select between

random alloys and striped patterns and control the extent of
the line segments within the stripes. Energetic considerations
indicate that even though it may not be feasible to grow ex-
tended “perfect” lines of substitutional dopants in hole-doped
TMDC materials, the electronic transport properties, even of
samples incorporating realistic impurity distributions, may
nevertheless be very highly anisotropic.

The research data supporting this publication can be ac-
cessed via the University of Warwick’s Research Archive
Portal [57].
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