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Transition-metal dichalcogenides (TMDs) are promising nanoscale materials with a wide range of appli-
cations. Chemical doping is a powerful tool for tailoring the physical and chemical properties of TMDs
for targeted functionalities. As one of the most important TMDs, WSe, has great potential for applica-
tions in field effect transistor and complementary metal oxide semiconductor technologies for its bipolar
dopability. However, precise control over the type and density of free carriers remains challenging. First-
principles calculations are performed to study intrinsic defects and transition-metal (TM) dopants in W Se,.
Our results show that TM doping can effectively control the Fermi level in WSe, with no significant com-
pensation by intrinsic defects. Nb and Ta are effective p-type dopants capable of generating a high free
hole density in WSe,. While n-type doping is possible by Re (under the Se-rich condition) and Cu (under
the W-rich condition), the doping efficiency is reduced due to the lower attainable dopant concentration
and higher ionization energies. The chemical trend in the attainable concentration of various substitutional
TM dopants in WSe; is largely determined by the competition between the dopant incorporation in WSe,
and the formation of the secondary phase TMSe;. Such a competition is strongly affected by the different
crystal environments of the TM ion in TMSe; and WSe,, which determine the crystal field splitting and

electron filling of TM d levels and consequently the formation energy of the TM dopant.

DOI: 10.1103/PhysRevApplied.12.034038

I. INTRODUCTION

Layered transition-metal dichalcogenides (TMDs) have
been extensively studied for their unique properties and
a wide range of applications, including field-effect tran-
sistors (FETs) [1,2], batteries [3,4], supercapacitors [5,6],
photovoltaics [7,8], and catalysis [9,10]. In particular, the
atomic-scale thickness without surface dangling bonds and
sizable band gaps render TMDs promising nanoelectronic
materials [11-16]. The ability to dope two-dimensional
(2D) TMDs, both n- and p-types, with high carrier den-
sity and mobility as well as air and thermal stability is
essential to the development of FET and complementary
meta-oxide-semiconductor (CMOS) technologies [17—19].
However, this has not been realized in 2D TMDs, thus
inhibiting further technology development.

Among many TMDs, WSe, appears promising for FET
and CMOS applications due to both p- and n-type dopa-
bility. WSe, has an indirect band gap of 1.4 eV [20,21].
Both p-type and n-type conductivities have been reported
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for undoped bulk WSe, with carrier densities on the order
of 103 or 10'® cm™3 [21-25]. Chemical doping has been
shown to improve p- and n-type conductivities [26,27].
Nb and Ta doping enhanced p-type conductivity in bulk
and monolayer WSe, [26-29] while Re, In, and Cu doping
led to n-type conductivity [22,27,30,31]. Although these
results demonstrated bipolar doping of WSe,, the efficien-
cies of n- and p-type doping are asymmetric. Degener-
ate doping of WSe; crystals by Nb with a hole density
>10" cm~> has been reported, whereas the highest elec-
tron density in n-type WSe, by substitutional doping is
only on the order of 10'” cm™3 [27]. Surface charge trans-
fer doping by chemisorption and physisorption of metal
atoms and organic molecules is another approach to modu-
late the carrier type and carrier density in WSe, [1,32—40].
Degenerate n-type doping by K in few-layer WSe, has
been reported [34]. However, the application of the surface
charge transfer doping may be limited due to the relatively
poor air and thermal stability as well as the incompatibility
with conventional semiconductor technologies [41].
Despite the critical importance of chemical doping
in the functionalization of 2D TMDs, the underlying
mechanisms that determine the doping efficiency are still
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poorly understood. Theoretical studies of TM dopants in
WSe, have been limited to neutral dopants [42,43]; the
critical information on dopant formation energies, dopant-
induced charge transition levels, and Fermi-level pinning
by dopants is still lacking. In this paper, we investigate
intrinsic point defects and a series of dopants (Nb, Ta, Re,
Ru, Os, Cu, Ag, and In) in bulk WSe, using first-principles
calculations. The results show that the formation energy of
a TM dopant in WSe; can be substantially lower than those
of intrinsic defects. Thus, the TM doping can determine the
Fermi level. We also find a large variation in the minimal
formation energy of TM dopants in WSe,. The different
ligand environments of TM dopants in WSe, and TMSe,
secondary phases play an important role in the competition
of dopant stability in WSe, and in secondary phases, which
determines the minimal dopant formation energy and the
attainable dopant concentration.

II. COMPUTATIONAL METHOD

All calculations are based on density functional theory
(DFT) [44,45] implemented in the VASP code [46]. The
interaction between ions and electrons is described by the
projector augmented wave method [47] and the kinetic
energy cut off is set to 350 eV. The total energy is obtained
by the Perdew-Burke-Eznerhof (PBE) exchange correla-
tion functional [48] while the band gap is corrected by
using the hybrid HSE06 functional [49]. The van der Waals
interaction is included using the DFT-D2 method [50] to
account for the important interlayer coupling in WSe;.
To calculate the formation energy of a defect, a 6 x 6 x 1
hexagonal supercell (¢ =b=19.957 A and c=12.768 A)
containing 216 atoms and a I" point centered 1 x 1 x 2 k-
point mesh are used. The atomic positions are relaxed until
the forces are less than 0.01 eV/A.

The calculated band gap of bulk WSe, at the PBE level
1s 0.90 eV, which is underestimated due to the well-known
band gap error in PBE calculations. The band gap is cor-
rected by using the hybrid HSE06 functional [49] with the
fraction of the Hartree-Fock exchange adjusted to 20%.
The HSEO6-corrected band gap is 1.39 eV, which is in
good agreement with the experimentally measured band
gap of 1.40 eV [20,21].

The formation energy of a defect or a dopant is given by

AH = (Ep — Ep) = Y mi(pti + ™) + qlevem + ),
(1)

where Ep and Ej are the total energies of the defect-
containing and the host (i.e., defect-free) supercells. The
formation of a defect in a material involves an exchange of
atoms with their respective chemical reservoirs. The sec-
ond term in Eq. (1) represents the change in energy due
to such an exchange of atoms, where »; is the difference

in the number of atoms for the ith atomic species between
the defect-containing and defect-free supercells. p; is the
relative chemical potential for the ith atomic species, refer-
enced to the chemical potential of its elemental phase ™.
The third term in Eq. (1) represents the change in energy
due to the exchange of electrons with its reservoir. eygyy 1S
the energy of the valence band maximum (VBM) and ¢ is
the Fermi energy relative to the VBM. The VBM and the
conduction band minimum (CBM) from the PBE calcu-
lation are corrected using the band gap from the HSE06
calculation as described above. The shallow defect lev-
els, which mainly have the character of bulk electronic
states, are shifted with their respective band edges, while
the deep levels, which are highly localized, are not cor-
rected since they are not expected to move significantly
following the band-gap correction. Previous calculations
of defect levels using this approach compare very well
with full hybrid functional calculations of both the total
energy and the band gap [51-53]. Corrections to the defect
formation energy due to potential alignment (between the
host and a charged defect supercell), band filling, and
image charge corrections are applied wherever appropriate
following the approach described in Ref. [54]. The calcu-
lated dielectric matrix shows the in-plane and out-of-plane
dielectric constants of 16.11 and 7.93, respectively. The
average dielectric constant, which is taken as the trace of
the dielectric matrix (13.38), is used when calculating the
image charge correction.

The chemical potentials in Eq. (1) are subject to a
series of thermodynamic constraints under the equilibrium
growth condition. To maintain the stability of WSe; during
growth, the chemical potentials of W and Se should satisfy

puw + 2iuse = AHy (WSey), (2)

where AH;(WSe;) is the enthalpy of formation for WSe,.

To avoid the formation of the elemental phases of W,
Se and the dopant X (X= Nb, Ta, Re, Ru, Os, Cu, Ag,
and In), the following constraints on chemical potentials
are applied

uw < 0, use <0, uxy <0. 3)

Since the dopant X may react with Se to form secondary
phases X, Se,,, we further apply the following constraints
to suppress the secondary phase formation

nux + muUse = A[—[f (anem): (4)

where AH; (X,Se,) is the enthalpy of formation for the
secondary phase X,Se,,. The dopant formation energy is
calculated by taking the maximum allowed dopant chem-
ical potential. We consider all possible secondary phases
shown in the Materials Project [54] (a Materials genome
database) for each dopant. Taking the Nb dopant as an
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example, we considered Nb selenide compounds of NbSe;,
NbSe3, NbSe4, NbZSe3, Nb3Se4, szseg, and Nb5 Se4.
Among all the potential secondary phases, those constrain-
ing the dopant chemical potential are found to be NbSe;
(P63/mmc), TaSez (P63/mmc), ReSez (Pl), RuSez (Pa—3),
OsSe; (Pa-3), CuSe (Cmcm), Ag,Se (P212,2;), and In,Se;
(P61).
The dopant concentration is calculated by

N = NsiteeiAH/kBT’ (5)

where N 1s the number of available atomic sites for
doping, AH is the dopant formation energy calculated by
Eq. (1), kg is the Boltzmann constant, and 7 is temperature.

III. RESULTS AND DISCUSSION

The crystal structure of WSe; is shown in Fig. 1(a).
There is only one inequivalent W site, and thus one sub-
stitutional site for metal doping. For interstitial defects and
dopants, we consider the atop and hollow sites between
two adjacent layers as well as the split interstitial, in which
two atoms share one atomic site [see Fig. 1(b)].

Figure 2 shows the formation energies of intrinsic
defects in WSe, under both W-rich and Se-rich condi-
tions; the Se vacancy (Vs.) is an important acceptor defect
under both conditions. This is consistent with previous
DFT results in bulk and monolayer MoS,, in which the S
vacancy is the dominant electrically active defect [55,56].
The relatively low formation energy of V3, is due to the
strong hybridization of the W-5d orbitals adjacent to Vse.
The d-d hybridization at Vs, forms a; and e levels [55]. At
the neutral charge state, the a; level is fully occupied, cre-
ating an energy incentive for the three adjacent W cations
to move closer to increase hybridization, thereby lowering
the a; level [57]. The three W-W distances are reduced by
8% on average. As a result, the a; level of V2, is below
the VBM and the empty e level is inside the band gap

(b) Side view

(a) Top view

FIG. 1. (a) The crystal structure of WSe,. Gray and green balls
represent W and Se ions, respectively. (b) Schematic represen-
tations of three different interstitial sites: atop, hollow, and split
interstitial sites. Red and orange balls indicate the locations of the
hollow and atop sites, respectively. The purple ball represents the
split interstitial, which shares the W site with a native W atom.

close to the CBM, rendering Vs, a deep acceptor [with the
(0/—) acceptor level calculated to be 1.19 eV above VBM
(Fig. 2)] rather than an electron donor as would normally
be expected for an anion vacancy. Since the (0/~) level
of Vs is close to the CBM, V(S)e is stable in p-type and
semi-insulating WSe;, acting as an electron trap.

As can be seen in Fig. 2, the dominant intrinsic defects
in WSe, are acceptors. At the W-rich limit [Fig. 2(a)], the
density of V2., [ V2.1, is calculated to be 2.87 x 10'? cm™
using Eq. (5) at 7= 1000 °C (growth temperature of WSe,)
[26,27]. The density of ionized Vs, [Vg.], and the hole
density (that balances [Vg_] for charge neutrality) should
be even lower. At the Se-rich limit [Fig. 2(b)], the forma-
tion energy of Vg, is higher than that at the W-rich limit
[Fig. 2(a)]; thus, the hole density is not expected to exceed
10" cm~3. The experimentally measured hole or electron
density on the order of 10 or 10'® cm™ in undoped bulk
WSe, [21-25] is likely due to charged impurities.

The above calculations show that intrinsic defects are
not a significant source of free carrier generation in WSe.
Next, we explore extrinsic dopants, including Nb, Ta, Re,
Ru, Os, Cu, Ag, and In, in WSe, and develop an under-
standing of doping efficiency. Nb, Ta, and Re are the
nearest neighbors to W in the periodic table, and thus are
obvious choices for substitutional doping on the W site.
These TM dopants as well as Cu and In have been investi-
gated experimentally [22,26-31]. We perform calculations
on all these dopants and a few of their neighbors in the peri-
odic table (Ru, Os, Ag) to develop trends in their chemical
stability.

The minimal formation energies of TM dopants under
both the W-rich and Se-rich conditions are shown in Fig. 3.
The maximum chemical potential of the TM dopant as
determined by Egs. (3) and (4) (the TM-rich limit) is used.
The calculated enthalpies of formation for WSe; and var-
ious TM-dopant-related secondary phases are shown in
Table S1 (Supplemental Material [58]); these values deter-
mine whether the TM chemical potential, w1y, is limited
by the elemental [Eq. (3)] or the binary [Eq. (4)] secondary
phase.

Note that the formation energies of some TM dopants
in Fig. 3 (i.e., Nbw, Taw, Ruy, Osw) do not change
from the W-rich limit [Fig. 3(a)] to the Se-rich limit
[Fig. 3(b)]. This is because, for these dopants, prmis
limited by the secondary phase TMSe, at both the W-
rich and the Se-rich limits. Combining prmv + 2ise =
AH; (TMSe;) (the TM-rich limit) and pw + 2ps. =
Hy (WSe;) [Eq. (2)], the chemical potential term in the
formation energy [Eq. (1)] of a substitutional TM dopant,
TMy, can be shown to be — ptv + uw = AH; (WSe;) —
AHy (TMSe;), which is independent of the W or Se
chemical potential. Such behavior results from the fact
that the secondary phase TMSe; has the same cation-anion
composition ratio as that of WSe,. For other substitu-
tional TM dopants, the TM chemical potential is limited
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FIG. 2. Formation energies of intrin-

sic defects in WSe, as a function of the
Fermi level under (a) W-rich and (b) Se-
rich conditions. The energy of the VBM
is set to zero. The slope of a formation
energy line indicates the charge state of
a defect, which is shown for selected

defects. The Fermi level at which the
slope changes, indicates a charge transi-
tion level.
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by prm + 2use < AHp (TMSe;) at the Se-rich limit, but
by putm < 0 at the W-rich limit: Therefore, their forma-
tion energies change from the Se-rich limit to the W-rich
limit. For interstitial TM dopants (Cu, Ag), the maximum
TM chemical potential is limited by the secondary phase
(i.e., CuSe, Ag,Se), which contains Se; thus, the formation
energy calculated at the TM-rich limit depends on the Se
chemical potential.
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As can be seen in Fig. 3, Nbw and Taw have low for-
mation energies and shallow acceptor levels. Thus, Nby
and Tayw should be efficient p-type dopants, consistent
with the experimental findings of high doping level and
high hole density 5.2 x 10! cm™ [26-29]. Rew is the
most stable electron donor. ReY, has a higher formation
energy than NbY, and Ta$;; the calculated (+/0) level of
Rew (E.—0.20 eV) is deeper than the (0/—) levels of
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FIG. 3. Minimal formation energies
of TM dopants (Nb, Ta, Re, Ru, Os,
Cu, Ag) in WSe; as a function of the
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rich conditions. The maximum chemical
potential of the TM dopant correspond-
ing to the TM-rich limit, as determined
by Egs. (3) and (4), is used. The forma-
tion energy of Vs, is shown for compar-
ison. The energy of the VBM is set to
zero. The slope of a formation energy
line indicates the charge state of a defect
or dopant, which is shown for selected
dopants. The Fermi level at which the
slope changes indicates a charge transi-
tion level.
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Nbw and Taw (both at £, 4+ 0.12 V), consistent with the
experimental finding of relatively low free electron density
in Re-doped WSe; (6.3 x 10'7 cm~3) [27]. The relatively
deep (4/0) level of Rey is due to a Re-induced bound state
below the CBM, which is produced primarily by the d-d
coupling between the Re dopant and the adjacent W ions.
Notably, the formation energies of Nbw, Taw, and Rey
are all lower than those of intrinsic defects in WSe, under
both W-rich and Se-rich conditions. Therefore, there are
no compensating defects that limit the doping level and
the carrier density in p-doped WSe;:Nb and WSe,:Ta and
in n-doped WSe;:Re. The Fermi level should lie between
the VBM and the (0/~) level of Nbw(Tay) in Na(Ta)-
doped WSe, and between the CBM and the (+/0) level
of Rey in Re-doped WSe;. The maximum densities of
Nb§,, Ta,, and Re%, (under Se-rich and TM-rich limits)
calculated using Eq. (5) at T=1000 °C (growth temper-
ature of WSe,) [26,27] are 3.17 x 10?!, 1.83 x 10!, and
1.14 x 10'® cm™3, respectively. (The density of W in WSe;
is 1.65 x 10?2 cm™3.) The densities of the ionized dopants
(Nby, Tay,, and Rey;) and free carriers should be lower
than those of NbY,, Ta},, and Re},, respectively, because
the Fermi level is between the band edge and the ionization
level as described above. These results are consistent with
the experimental trend: A hole density of 5.2 x 10'° cm™3
in WSe,:Nb and electron density of 6.3 x 10" cm™ in
WSe,:Re [27].

The trend of minimal formation energies of NbY, Ta%v,
and ReY, in Fig. 3 can be understood by the competition
between the dopant incorporation in WSe, and the forma-
tion of secondary phases. Equation (1) shows that for a
given dopant, a higher dopant chemical potential leads to
a lower dopant formation energy. The maximum dopant
chemical potential is limited by the formation of secondary
phases [Egs. (3) and (4)]. A very high TM-dopant chemical
potential in the growth of WSe,:TM may lead to the forma-
tion of TMSe; or even TM metal secondary phases rather
than TM-doped WSe;,. It would be difficult to dope WSe,
with a TM atom if the TM atom is much more stable in

FIG.4. Crystal structures of sec-
ondary phases of (a) NbSe; and
TaSe, (Pg3/mmc), (b) ReSe, (P1),
and (c) RuSe; and OsSe; (Pa-3).
A TM ion has a trigonal prismatic
coordination in (a) and a distorted
octahedral coordination in (b),(c).
Green and gray balls represent Se
and TM ions, respectively.

the secondary phase TMSe, than in WSe;. The maximum
allowed TM chemical potential (TM-rich limit) corre-
sponds to the borderline between forming single-phase
WSe,: TM and segregated phases of WSe, and TMSe;.
Below, we discuss the trend of minimal formation energies
of substitutional TM dopants at the TM-rich and Se-rich
limits. We focus on the TM-rich and Se-rich limits because
these conditions promote the substitution of W by TM
dopants.

Our calculations find that at the Se-rich limit, the max-
imum chemical potential of a TM dopant (Nb, Ta, or Re)
is limited by the formation of the secondary phase TMSe;.
It can be shown that at the Se-rich and TM-rich limits, the
formation energy [Eq. (1)] of a TM dopant is given by

AH(TMw) = (Ep — pt™Mpuik) — AH(TMSey) + C. (6)

Here, Ep is the total energy of the supercell that con-
tains the TM dopant, firampuk 1S the chemical of potential
of TM in bulk TM, and AH (TMSe,) is the enthalpy of
formation of TMSe,. The last term C in Eq. (6) is unre-
lated to the dopant: C = —Ej; + AH(WSez) + twpuk +
q(evMm + €r), where pwpuk 1s the chemical potential of
W in bulk W metal. The binding strengths between the TM
dopant and its ligands in WSe; and in the secondary phase
TMSe; are reflected in (Ep — prmpuik) and AH (TMSe,),
respectively, in Eq. (6). Therefore, the formation energy of
the substitutional dopant in Eq. (6) is largely determined
by the competition of the TM-Se coupling in WSe, and
TMSe;, which, in turn, is strongly affected by the differ-
ent crystal field splitting of the TM d levels in different
crystal environments. It should be emphasized that the
existence of a stable secondary phase for a TM dopant
does not necessarily mean that the TM doping would
be difficult. For example, the calculated enthalpy of for-
mation in Table S1 (Supplemental Material [58]) shows
that NbSe, and TaSe, are chemically more stable than
ReSe; (Supplemental Material [58]); however, the doping
of Nb and Ta in WSe, is energetically more favorable
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than the doping of Re based on the calculated dopant for-
mation energies in Fig. 3. (This result also agrees with
the experimental observation [27].) Therefore, what deter-
mines the formation energy of a TMy is the competition
between the TM-Se bonding in WSe,:TM and that in
TMSe;. A TM atom in TMSe, and a substitutional TM
dopant in WSe, both form six TM-Se bonds. However, the
six nearest Se neighbors to the TM atom in WSe, could
have a different symmetry from those in TMSe,, which
strongly affects the formation energy of TMy as shown
below.

NbSe, and TaSe, share the same crystal structure with
WSe, (space group Pgs/mmc). [See Fig. 4(a).] The TM
ions in NbSe,, TaSe;, and WSe; all have the trigonal
prismatic coordination and the d levels undergo the same
crystal field splitting as shown for NbSe; as an example in
Fig. 5. Nb** and Ta*" are both d' ions. Taking Nb** as
an example, the single d electron in Nb*™ in WSe, and
in NbSe; occupies the same low-lying d.» level. Thus,
the incorporation of Nb*' in WSe, competes favorably
with Nb** in NbSe,. On the other hand, ReSe, has a P1
[59] crystal structure [Fig. 4(b)] and Re** (a &> ion) has
a distorted octahedral environment, in which the three d
electrons of Re*™ occupy the low-lying nonbonding d.,,,
d.., and d,. orbitals (5¢) in the majority spin channel (see
Fig. 5), opening up a sizable band gap (1.29 eV [60])
between the 75, and e, levels. When Re*" substitutes a
W4t ion in WSe,, one of the three d electrons is forced into
the higher-lying d\2_,» ., orbital. Thus, the change of the

crystal environment of Re*t from ReSe, to WSe, incurs
a relatively high energy cost [a relatively high value of
(Ep — ttMpulk) — AH(TMSe») in Eq. (6)], resulting in a
higher formation energy of ReY, in WSe;.

We further study Ru and Os dopants, which have one
more d electron than Re. The results show that the substi-
tutional Ruw and Osyw are amphoteric dopants in WSe,,
acting as donors when the Fermi level is low and as accep-
tors when the Fermi level is high. Doping WSe; with Ru or
Os is expected to result in Fermi-level pinning deep inside
the band gap with very low carrier density. Thus, Ru and
Os are not good n- or p-type dopants in WSe,. RuSe; and

OsSe; have the pyrite crystal structure (space group Pa-3
[61,62]) as shown in Fig. 4(c), in which Ru and Os have
a nominal oxidation state of 24 (due to the formation of
Se-Se dimers in the pyrite structure) and a distorted octahe-
dral coordination. The six d electrons in Ru?* and Os>* fill
the low-lying £, level [63]. On the other hand, Ru?* and
Os*" in WSe; (Rug; and Osg;) fill the high-lying d,2 2,
levels and are not even thermodynamically stable. [The
(—/2-) levels of Ruw and Osyw are above the CBM.] This
explains the high formation energies of Ruy and Osy as
shown in Fig. 3.

We have also studied TM dopants (Nb, Ta, Re, Ru,
Os) at interstitial sites. These interstitial TM dopants are
found to have significantly higher formation energies in
WSe, than the substitutional dopants, thus they are not
shown in Fig. 3. The only TM dopants that we find to have
relatively low formation energies for interstitials are Cu
and Ag, which are stable at the hollow site as shown in
Fig. 1(c). Cuw and Agy, have significantly higher forma-
tion energies than Cu; and Ag; and are shown in Figure S1
[Supplemental Material [58]]. Importantly, under the W-
rich condition, the formation energy of Cu; is comparable
to that of Reyw as shown in Fig. 3. These results suggest that
the n-type doping by Re and Cu should be performed under
the Se-rich and W-rich conditions, respectively. There is
indeed a report that showed effective Cu doping, which
turns slightly p-type WSe, to slightly n-type [31]. How-
ever, the calculated ionization energy of Cu; is significant
(0.32 eV below the CBM), which makes it difficult to
obtain high free electron density in WSe;:Cu. The high
ionization energy of Cu; is the result of significant s-d
coupling between Cu and the adjacent W ions, which pro-
duces a bound state below the CBM. Our calculations
show that Ag; has a significantly higher formation energy
than Cu;, which is likely due to the larger ionic radius of
Agt (1.15 A) than Cu™ (0.77 A). We also study In dopant
in WSe, motivated by the experimental result that In dop-
ing turns p-type WSe; to n-type [30]. However, our results
show that In is not an effective dopant in WSe, because
of the high formation energies for both substitutional and
interstitial In and the compensation between In; (donor)

FIG.5. Schematic of crystal field split-

Nb*in WSe, (Nba/) Re** Re#* ting and electron filling for Nb** and
and NbSe in WSe (Reo ) in ReSe Re*t in WSe, and their respective sec-
% S 2 ondary phases NbSe; and ReSe;.
dxz vz — S S L — dxz—yz,zz
dxz-yz,xy —_— _]_ —
o HoH :
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and Iny (acceptor) (Figure S1) (Supplemental Material
[58D).

IV. CONCLUSION

Intrinsic defects and TM dopants (Nb, Ta, Re, Ru,
Os, Cu, Ag) in bulk WSe; are investigated using first-
principles calculations. All intrinsic defects have relatively
high formation energies and consequently low concentra-
tions. Vs is the dominant intrinsic defect and Vge acts as
a deep electron trap in p-type and semi-insulating WSe;.
Thus, intrinsic defects are not expected to introduce a sig-
nificant number of free carriers in undoped WSe,. All the
TM dopants studied in this work have lower formation
energies than those of intrinsic defects. Nby and Taw have
the lowest formation energies and shallow acceptor lev-
els, which can lead to a high level of p-type doping. In
comparison, the most important zn-type dopants, Rew and
Cu;, have relatively higher formation energies and deeper
ionization energies, which can lead to n-type doping, but
with lower free electron density. Our results show that the
n-type doping is most effective by Re doping under the
Se-rich condition and by Cu doping under the W-rich con-
dition. The large variation in the minimal formation energy
of various substitutional TM dopants is related to the sec-
ondary phases TMSe; because the maximal TM chemical
potential (which corresponds to the minimal dopant for-
mation energy) is capped by the heat of formation of
TMSe,. We find that the minimal formation energy of
a substitutional TM dopant in WSe; is determined by
the competition between the TM dopant incorporation in
WSe, and the formation of the secondary phase TMSe,,
which, in turn, is strongly affected by the different crys-
tal environments of TM dopants and consequently different
crystal field splitting and electron filling in TM d levels in
WSe; and their secondary phases. Our results and insights
on the TM doping efficiency in bulk WSe, should also be
relevant to the understanding of TM doping in monolayer
and few-layer WSe, and other TMDs.
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