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Modulating charge density wave states in TaSe2 by an electride substrate
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Modulating charge density wave (CDW) states in layered materials has both fundamental scientific value and
application potential in future electronic devices. Based on first-principles electronic structure calculations, we
have studied the modulation of the CDW states in TaSe2 by using a typical electride Ca2N as the substrate. We
find that the Ca2N monolayer can donate 0.49 electrons/f.u. to the TaSe2 monolayer and meanwhile avoids the
disorder effect in conventional chemical substitution approach. With the uniform electron doping from Ca2N,
the CDW order in 1H-TaSe2 is completely suppressed; in comparison, the CDW period in 1T-TaSe2 transforms
from the Star of David pattern to a

√
3 × √

3 triangular pattern. Our studies enrich the phase diagram of TaSe2

and highlight the effective manipulation of the CDW states via an electride substrate, which calls for future
experimental verification.

DOI: 10.1103/PhysRevB.104.165109

I. INTRODUCTION

The charge density wave (CDW) states in real materials,
which are characterized by a periodic modulation of the elec-
tron densities and the atomic positions with a wave vector
QCDW [1], have attracted extensive attention for decades. The
exploration of a CDW state can improve our understanding of
the superconductivity mechanism [2,3] due to the adjacency
of the CDW and superconducting states [4], and CDW states
also have potential applications in electronic devices such as
logic circuits [5], nonvolatile memory [6–8], photodetector
[9], and CDW-based oscillator [10]. As a typical CDW mate-
rial, the transition metal dichalcogenide TaSe2 has layered 2H
and 1T phases in bulk form, which both undergo CDW tran-
sitions with decreasing temperature. Here, 2H-TaSe2 shows
an incommensurate CDW transition at 120 K, followed by a
commensurate CDW transition with a 3 × 3 lattice deforma-
tion at 90 K [11], and finally, a superconducting transition
at 0.2 K [12]. In comparison, 1T-TaSe2 experiences an in-
commensurate CDW transition <600 K and a commensurate
CDW transition with the Star of David pattern at 473 K
[13]. Recently, the successful exfoliation of 2H- and 1T-TaSe2

down to atomic layers provided an opportunity to study the
dimensionality effect on the CDW states [13,14]. A Raman
spectroscopy study on monolayer and bilayer 2H-TaSe2 re-
vealed the phonon mode softening due to electron-phonon
coupling, which is associated with the incommensurate CDW
phase transition [13]. A combined experimental and theoret-
ical study confirmed that the reduction of dimension has no
significant effect on the 3 × 3 CDW state of 2H-TaSe2 [15].
Nevertheless, the calculated electron-phonon coupling (EPC)
of monolayer 1H-TaSe2 is largely enhanced, resulting in an
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increase of superconducting Tc to 2.2 K [16]. For 1T-TaSe2,
the transition temperature of commensurate CDW is reduced
with the decreasing film thickness [17]. More interestingly,
the monolayer 1T-TaSe2 exhibits a Mott insulator behavior
[18–20]. The prominent temperature and dimensionality ef-
fects on the CDW states of TaSe2 suggest that TaSe2 can serve
as a prototype for studying the CDW-related physics.

Beyond the temperature and dimensionality effects, other
approaches have also been adopted to tune the CDW states
in TaSe2. For 2H-TaSe2, the intercalation of alkali metal ions
[21–23] can change the band structure and suppress the CDW
state, while the photoexcitation can drive the commensurate
CDW state to a normal metallic state [24]. As to 1T-TaSe2, the
pressure can suppress the CDW distortion [25], and an ultra-
fast laser pulse can excite a long-lived metastable CDW state
[26]. Moreover, the strain also has great influence on the CDW
state [27–29]. A recent study reported that the tensile strain
can suppress the CDW order of monolayer 1H-TaSe2, while
the compressive strain will enhance it [27]. On the other hand,
the CDW state can be altered by constructing heterostruc-
tures. A recent experiment showed that, in the 1T-TaS2/black
phosphorus heterostructure, the transition temperature of the
CDW states from nearly commensurate to commensurate
was reduced to 4.5 K, lower than the original 180 K [30].
Black phosphorus is a semiconductor with a smaller work
function (WF) than that of TaS2 [30,31], indicating the oc-
currence of electron transfer [30]. Therefore, it is natural to
ask whether there are some layered materials with low WFs
that can interact strongly with TaSe2 and modulate its CDW
states.

The two-dimensional (2D) electrides are likely such ma-
terials with low WFs. As a typical electride, Ca2N has been
successfully synthesized in bulk form [32,33] and can be fur-
ther exfoliated to the ultrathin limit [34]. Bulk Ca2N has a WF
of 2.6 eV [32] and can be written as [Ca2N]+ · e− due to the
remaining electrons between layers, while monolayer Ca2N
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with a free-electron gas floating on the surface can serve as an
electron donor [35]. Compared with the commonly used dop-
ing methods such as alkali metal doping [36], Li-intercalation
[21], and organic molecular functionalization [37] that hardly
achieve a high doping density of ∼1014 cm−2, Ca2N can
donate a carrier concentration up to 5 × 1014 cm−2 [38],
which is on the same order of magnitude as the ionic gating
technique [39]. Hence, it is interesting to investigate the effect
of the electride Ca2N as a substrate to tune the CDW states
in TaSe2.

In this paper, we study the atomic structures and the elec-
tronic properties of the TaSe2/Ca2N heterostructures by using
density functional theory (DFT) calculations. We find that the
electron doping from Ca2N can suppress the CDW order in
1H-TaSe2 and alter the CDW period in 1T-TaSe2, respectively.
These findings enrich the phase diagram of TaSe2 and suggest
an electride as an ideal substrate to modulate a quantum state
via uniform charge doping.

II. COMPUTATIONAL DETAILS

To study the atomic structures and the electronic properties
of TaSe2/Ca2N heterostructures, DFT calculations were per-
formed with the projector augmented wave method [40,41]
as implemented in the Vienna Ab initio Simulation Package
(VASP) [42–44]. The generalized gradient approximation in
the scheme of Perdew-Burke-Ernzerhof [45] was applied for
the exchange correlation functional. The cutoff energy of the
plane-wave basis was set to 520 eV. A vacuum space >20 Å
was adopted to eliminate the interactions between the image
heterostructures. The DFT-D2 method [46,47] was used to
describe the van der Waals interaction between the Ca2N
and TaSe2 layers. The 12 × 12 × 1 and 6 × 6 × 1 Monkhorst-
Pack k-point meshes were adopted to sample the Brillouin
zones (BZs) of the unit cell and the supercell, respectively.
The Fermi surface was broadened by the Gaussian smearing
method with a width of 0.05 eV. The internal atomic positions
and the cell parameters were fully optimized until the residual
forces on atoms were <0.01 eV/Å. The energy convergence
criterion was set to 10−6 eV. The spin-orbit coupling effect
was included in the band structure and the density of states
(DOS) calculations. The phonon dispersion was calculated
based on a supercell approach by using the PHONOPY code
[48]. A 6 × 6 × 1 supercell with a 4 × 4 × 1 k-point mesh
was used for the phonon calculations of the unit-cell of the
TaSe2/Ca2N heterostructure, while a 2

√
3 × 2

√
3 × 1 super-

cell with a 4 × 4 × 1 k-point mesh was used for those of the√
3 × √

3 supercell of the 1T-TaSe2/Ca2N heterostructure.
The binding energy Eb was obtained according to the formula
Eb = Ehetero − ECa2N − ETaSe2 , where Ehetero is the energy of
the TaSe2/Ca2N heterostructure, and ECa2N (ETaSe2 ) is the
energy of monolayer Ca2N (TaSe2).

III. RESULTS AND ANALYSIS

The crystal structures of monolayers Ca2N, 1H-TaSe2, and
1T-TaSe2 are shown in Fig. 1. They all have sandwiched
structures with the same kinds of atoms at the top and bottom
surfaces. The normal phases of Ca2N and 1T-TaSe2 have the
point group symmetry of D3d , while that of 1H-TaSe2 is D3h.

FIG. 1. Top and side views of (a) Ca2N, (b)1H -TaSe2, and
(c) 1T-TaSe2 monolayers. The blue, red, orange, and green balls
represent Ca, N, Ta, and Se atoms, respectively. (d) Two-dimensional
Brillouin zone (BZ) of the unit cell.

Our calculated in-plane lattice constants of Ca2N (3.57 Å),
1H-TaSe2 (3.49 Å), and 1T-TaSe2 (3.55 Å) are in good accor-
dance with previous studies [18,49,50]. The respective lattice
mismatches of 1H-TaSe2/Ca2N and 1T-TaSe2/Ca2N are only
2.3 and 0.5%, indicating the possibility of ideal heterostruc-
ture construction. We first study the atomic and electronic
structures of the 1H-TaSe2/Ca2N heterostructure. To obtain
the most stable stacking structure, six possible configurations
labeled from H-1 to H-6 were considered (see Fig. 5 in the
Appendix). The H-1 structure is obtained by directly stacking
1H-TaSe2 above Ca2N with the Se atoms on top of the upper
Ca atoms and the Ta atoms on top of the N atoms. The
H-2 (H-3) structure is constructed by shifting the 1H-TaSe2

layer in the H-1 structure by one (two) third(s) of the unit
cell along the diagonal line. The H-4 structure is obtained
by rotating the 1H-TaSe2 layer in the H-1 structure by 180◦,
while the H-5 (H-6) structure is constructed by shifting the
1H-TaSe2 layer in the H-4 structure by one (two) third(s) of
the unit cell along the diagonal line. The energy differences
among these heterostructures are listed in Table I. Overall,

TABLE I. The energy differences (meV/f.u.) among the six con-
figurations of 1H-TaSe2/Ca2N heterostructures. The energy of the
H-2 structure is set to zero.

Structure H-1 H-2 H-3 H-4 H-5 H-6

�E 939 0 199 77 121 695
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FIG. 2. (a) Top and side views of the optimized 1H-TaSe2/Ca2N
heterostructure. The unit cell is outlined by the black solid line.
(b) Electron localization function (ELF) map for the side view of
the 1H-TaSe2/Ca2N heterostructure. The 0 and 1 values represent
the completely delocalized and localized electrons, respectively.
(c) Electronic band structure and (d) phonon dispersion of the
1H-TaSe2/Ca2N heterostructure along the high-symmetry paths of
the BZ. The sizes of the blue, red, orange, and green dots in the
electronic band structure represent the orbital weights of Ca, N, Ta,
and Se atoms, respectively.

the H-2 structure [Fig. 2(a)] is energetically the most stable
one, which is at least 77 meV/f.u. in energy lower than the
other structures. We hence focus on the H-2 structure in the
following.

The atomic structure of the most stable 1H-TaSe2/Ca2N
heterostructure, i.e., the H-2 structure, is displayed in
Fig. 2(a). It has an in-plane lattice constant of 3.55 Å and an
interlayer distance of 2.20 Å. While the ideal Ca2N mono-
layer has free electron gas floating on both surfaces [51],
dramatic changes take place in the charge distribution of the
1H-TaSe2/Ca2N heterostructure. From the electron localiza-
tion function (ELF) map shown in Fig. 2(b), it can be seen
clearly that the free electron gas between the two layers dis-
appears, and only the electron gas on the bottom surface of
Ca2N remains. Based on the Bader charge analysis, we find
that there are ∼0.49 electrons/f.u. transferred from Ca2N to
1H-TaSe2, which results from the low WF (2.6 eV) [32] of
Ca2N. Figure 2(c) demonstrates the calculated band structure
of the 1H-TaSe2/Ca2N heterostructure, in which the elec-
tronic bands around the Fermi level are mainly contributed by
the Ta-d and Se-p orbitals. A previous study has shown that
monolayer 1H-TaSe2 has a 3 × 3 CDW pattern formed by the
triangular clustering of Ta atoms [13]. It is thus interesting to

TABLE II. The energy differences (meV/f.u.) among the six
configurations of 1T-TaSe2/Ca2N heterostructures. The energy of
the T-3 structure is set to zero.

Structure T-1 T-2 T-3 T-4 T-5 T-6

�E 204 637 0 634 76 118

examine the CDW state in the 1H-TaSe2/Ca2N heterostruc-
ture. From the calculated phonon dispersion [Fig. 2(d)], there
is no imaginary phonon mode across the BZ, indicating dy-
namical stability. To distinguish the effects of charge doping
and lattice strain on the CDW state of 1H-TaSe2 induced
by the Ca2N substrate, we have also calculated the phonon
spectrum by fixing the in-plane lattice constant to 3.49 Å,
which corresponds to the free-standing 1H-TaSe2 monolayer.
We find that the 1H-TaSe2/Ca2N heterostructure still has no
soft modes, suggesting that charge doping plays a major role
here. In comparison, a previous study indicated that, without
the Ca2N substrate, the electron doping enhances the CDW
instability of the 1H-TaSe2 monolayer, while the tensile strain
suppresses it [27]. These results suggest that Ca2N can con-
struct a stable heterostructure with 1H-TaSe2 and completely
suppress the CDW order of the latter via the uniform electron
doping. The phonon dispersions of other structures in Table I
except the H-2 structure are shown in Figs. 7(a)–7(e) in the
Appendix. Like the case of the H-2 structure, there are no
imaginary phonon modes in the whole BZ for H-3, H-4, and
H-5 structures, which means that the CDW order is also sup-
pressed in these 1H structures. Meanwhile, the H-1 and H-6
configurations have imaginary phonon modes around the �

point, which correspond to the two highest-energy structures
(Table I).

We next consider the 1T-TaSe2/Ca2N heterostructure. Like
the case of 1H-TaSe2/Ca2N, we constructed six different
configurations labeled from T-1 to T-6 (see Fig. 6 in the
Appendix). From the energy differences among these six con-
figurations listed in Table II, we learn that the T-3 structure
is the most stable stacking configuration, which is at least
76 meV/f.u. in energy lower than other structures. Therefore,
for the 1T-TaSe2/Ca2N heterostructure, we will focus on the
T-3 structure in the following.

Figure 3(a) displays the top and side views of the optimized
1T-TaSe2/Ca2N heterostructure (the T-3 structure). The re-
laxed in-plane lattice constant (3.58 Å) and interlayer distance
(2.20 Å) are like those of the 1H-TaSe2/Ca2N heterostructure.
From the ELF map shown in Fig. 3(b), we can see that the
free electron gas floating on the top surface of Ca2N also
disappears. There are ∼0.47 electrons/f.u. transferred from
Ca2N to 1T-TaSe2 according to the Bader charge analysis. The
1T-TaSe2 monolayer was reported to enter a CDW phase with
the Star of David pattern at low temperature [52]. We hence
calculated the phonon dispersion of the 1T-TaSe2/Ca2N het-
erostructure. There exist imaginary phonon modes in the BZ
[Fig. 3(c)], indicating the structural instability. The largest
imaginary mode appears around the K point, which is however
different from the QCDW vector for the Star of David pattern
of monolayer 1T-TaSe2 [20]. From the inset of Fig. 4(a), we
can see that the K point in the unit cell BZ can be folded to
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FIG. 3. (a) Top and side views of the optimized 1T-TaSe2/Ca2N
heterostructure. The unit cell is outlined by the black solid line in
the top view. (b) ELF map for the side view of the 1T-TaSe2/Ca2N
heterostructure. (c) Phonon dispersion of the 1T-TaSe2/Ca2N
heterostructure along the high-symmetry paths of the BZ. (d) Dis-
placement patterns of two doubly degenerated imaginary phonon
modes at the K point of the unit cell BZ [the � point in the BZ of
the

√
3 × √

3 supercell in Fig. 4(a)].

the BZ center of the
√

3 × √
3 supercell. We thus plot the

displacement patterns of the maximum imaginary modes at
the latter k point, which mainly come from the vibrations of
Ta atoms and tend to form triangular clusters [Fig. 3(d)]. We
also tested the stability of other structures in Table II. They all
have large imaginary phonon modes at the K point, indicating
a structural reconstruction like the case of the T-3 structure.
After optimizing the structures of Table II with the

√
3 × √

3
supercells, the T-3 structure still possesses the lowest energy.

The fully relaxed structure for the
√

3 × √
3 supercell

of the 1T-TaSe2/Ca2N heterostructure (T-3) is shown in
Fig. 4(a). The Ta-Ta bonds with lengths <3.4 Å are marked as
orange sticks in the top view. Obviously, these Ta atoms form
triangular clusters after structural optimization. The in-plane
lattice constant and the interlayer distance are 6.20 and 2.03 Å,
respectively. Compared with the unit cell structure in Fig. 3(a),
the interlayer distance is reduced by 0.17 Å. These struc-
tural reconstructions enhance the binding energy between the
1T-TaSe2 and Ca2N layers from −0.46 to −0.55 eV/f.u. Ac-
cording to the phonon dispersion shown in Fig. 4(d), there is
no imaginary phonon mode for the optimized structure of the√

3 × √
3 supercell. This indicates that, with the Ca2N elec-

tride as a substrate, the CDW order in 1T-TaSe2 changes from
the original Star of David pattern to a new triangular pattern

FIG. 4. (a) Top and side views of the optimized
√

3 × √
3 super-

cell of the 1T-TaSe2/Ca2N heterostructure. The
√

3 × √
3 supercell

is outlined by the black solid line in the top view. The BZs of the
unit cell (black) and the

√
3 × √

3 supercell (red) are shown in the
right corner, while the K point in the former one coincides with
the � point in the latter one. (b) Electronic band structures along
the high-symmetry paths of the two-dimensional (2D) BZ for the√

3 × √
3 supercell. The sizes of the blue, red, orange, and green

dots represent the orbital weights of Ca, N, Ta, and Se atoms, respec-
tively. (c) Density of states (DOS) of the optimized and unoptimized
heterostructures in the

√
3 × √

3 supercell. (d) Phonon dispersion of
the optimized

√
3 × √

3 supercell.

with the
√

3 × √
3 period. Notably, this structure is like the√

3 × √
3 supercell of the 1T-MoS2 monolayer [53], which

also has imaginary phonon modes at the K point and shows
the same displacement vectors as in Fig. 3(d). Figure 4(c)
demonstrates the DOSs for the unoptimized and optimized√

3 × √
3 supercells. After the optimization, the DOS at

the Fermi level drops steeply, which is consistent with the
characteristics of the CDW phase transition. From the band
structure of the optimized 1T-TaSe2/Ca2N heterostructure
shown in Fig. 4(b), we learn that the bands around the Fermi
level are dominated by the Ta-d and Se-p orbitals. Based on
the Bader charge analysis, there are 0.49 electrons/f.u. trans-
ferred from Ca2N to TaSe2 for the relaxed

√
3 × √

3 supercell,
like the case of 1H-TaSe2/Ca2N. The electron doping induced
by the Ca2N electride substrate is thus responsible for the
CDW phase transition in 1T-TaSe2.

IV. DISCUSSION AND SUMMARY

To explain the origin of the CDW order in real mate-
rials, several viewpoints such as the Peierls transition, the
Fermi surface nesting, the EPC, and the exciton condensation
have been proposed. The Peierls transition and the Fermi
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surface nesting are often adopted to explain the electron re-
distribution accompanied by a periodic lattice distortion in
quasi-one-dimensional systems [54]. As to the CDW states
in quasi-two-dimensional transition metal dichalcogenides,
the momentum-dependent EPC may play a major role. For
example, angle-resolved photoemission spectroscopy investi-
gations [55] showed the absence of Fermi surface nesting in
2H-NbSe2, while inelastic x-ray measurements confirmed that
EPC determines the CDW order [56]. Similarly, the periodic
lattice distortions in 1T-TaSe2 and monolayer 1T-VSe2 can
be understood in the framework of the momentum-dependent
EPC [57,58]. Nevertheless, the origin of the CDW ordering in
1T-TiSe2 is under debate, while recently the exciton conden-
sation mechanism [59–61] and both the contributions from
exciton pairing and EPC [62] were proposed. In our above
calculations on TaSe2/Ca2N, we find that the electron doping
from Ca2N can completely suppress the CDW order in 1H-
TaSe2 [Fig. 2(d)] but cannot generate the superconductivity
in their heterostructure, even though either TaSe2 or Ca2N is
superconducting [16,63]. This may result from the heavily re-
leased EPC in the 1H-TaSe2/Ca2N stacking structure. As for
the 1T-TaSe2/Ca2N heterostructure, the induced

√
3 × √

3
CDW pattern is apparently related to the phonon softening
around the K point of the BZ [Fig. 3(c)]. Since previous stud-
ies have found that Cu doping in 1T-TiSe2 [64] and 2H-TaSe2

[65] can suppress the CDW state and induce/enhance the
superconductivity, whether the heterostructure composed of
TaSe2 and electride can be tuned to superconducting needs
further exploration.

In summary, we have studied the atomic and electronic
structures of the heterostructures composed of a transition
metal dichalcogenide TaSe2 and an electride Ca2N based on
DFT calculations. We find that the charge transfer from Ca2N
to TaSe2 has a significant influence on the CDW order of the
latter. The CDW order in 1H-TaSe2 is completely suppressed,
while for 1T-TaSe2, there is a CDW phase transition from
the original Star of David pattern with a

√
13 × √

13 period
to a triangular pattern with a

√
3 × √

3 period. These results
indicate that electrides can serve as ideal substrates with uni-
form electron doping to modulate the CDW states in layered
materials and have great potential to tune other ordering states
in quantum materials.

FIG. 5. Top and side views of the 1H-TaSe2/Ca2N heterostruc-
ture. The six configurations are labeled as H-1 to H-6. The blue,
red, orange, and green balls represent the Ca, N, Ta, and Se atoms,
respectively.

FIG. 6. Top and side views of the 1T-TaSe2/Ca2N heterostruc-
ture. The six configurations are labeled as T-1 to T-6.
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APPENDIX

The top and side views for the possible stacking configura-
tions of the 1H-TaSe2/Ca2N (Fig. 5) and the 1T-TaSe2/Ca2N
(Fig. 6) heterostructures. According to our calculations, the
H-2 and T-3 are energetically the most stable ones in the re-
spective heterostructures. The calculated phonon dispersions
for all other structures in Tables I and II except the H-2 and
T-3 structures are shown in Fig. 7. Even after the relaxation
in larger supercells, the H-2 and T-3 structures still have the
lowest energies for the 1H-TaSe2/Ca2N and 1T-TaSe2/Ca2N
heterostructures, respectively.

FIG. 7. (a)–(e) Phonon dispersions of the H-1, H-3, H-4, H-
5, and H-6 configurations of the 1H-TaSe2/Ca2N heterostructures,
respectively. (f)–(j) Phonon dispersions of the T-1, T-2, T-4, T-
5, and T-6 configurations of the 1T-TaSe2/Ca2N heterostructures,
respectively.
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