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ABSTRACT
Layered materials enable the assembly of a new class of heterostructures where lattice-matching is no longer a requirement. Interfaces in these
heterostructures therefore become a fertile ground for unexplored physics as dissimilar phenomena can be coupled via proximity effects. In
this article, we identify an unexpected photoluminescence (PL) peak when MoSe2 interacts with TiSe2. A series of temperature-dependent
and spatially resolved PL measurements reveal that this peak is unique to the TiSe2–MoSe2 interface, is higher in energy compared to the
neutral exciton, and exhibits exciton-like characteristics. The feature disappears at the TiSe2 charge density wave transition, suggesting that
the density wave plays an important role in the formation of this new exciton. We present several plausible scenarios regarding the origin of
this peak that individually capture some aspects of our observations but cannot fully explain this feature. These results therefore represent a
fresh challenge for the theoretical community and provide a fascinating way to engineer excitons through interactions with charge density
waves.
© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0067098

I. INTRODUCTION
Two-dimensional (2D) material interfaces in van der Waals

(vdW) heterostructures provide a fascinating playground to
explore proximity effects.1 The relaxation of lattice constraints on
heterostructure assembly allows for the arbitrary stacking of 2D
materials.2 These interfaces may, in some cases, support emergent
states absent from the parent compounds, with superconductivity
in twisted bilayer graphene and moiré excitons in transition metal
dichalcogenides (TMDs) serving as remarkable examples.3–6 Many
studies of vdW heterostructures incorporate semiconducting TMDs

as an active component. This commonality is due to the availability
of high-quality samples, well-established exfoliation procedures,7,8

and the existence of tightly bound 2D excitons.9
The zoology of excitons in monolayer (ML) semiconductors is

vast: Neutral (X0) and charged excitons or trions (X− or X+),9–12

neutral and charged biexcitons,13–16 and dark exciton states17–20

have all been observed and exhaustively studied in semiconduct-
ing TMDs. The 2D nature of TMD excitons also renders them
highly sensitive to the local dielectric environment,21–26 allowing
for a remote, contact-free probe of interface characteristics in vdW
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heterostructures. For instance, semiconductor hetero-bilayer and
homo-bilayer heterostructures exhibit new photoluminescence (PL)
emission peaks from interlayer excitons and splitting of exciton
peaks due to the moiré potential.5,27–30 Proximity effects between
2D magnets and semiconductors lead to large valley splittings,31,32

and magnetic manipulation of exciton PL energy, intensity, and
selection rules.1,33–35 Exotic correlated insulating states such as
Wigner crystals and Mott insulators in twisted TMD semiconductor
heterostructures are also observable in PL spectra.36–38 However,
there have been no studies exploring the impact of similar electron
correlated phases such as charge density waves (CDWs)39 on PL in
vdW heterostructures.

Here, we investigate optical signatures of interlayer coupling
between the semiconductor MoSe2 and the putative excitonic insu-
lator 1T-TiSe2,40–43 which hosts a commensurate 2 × 2 × 2 CDW
state below 200 K. We find that the CDW alters the manifold of opti-
cally active excitons at the TiSe2–MoSe2 interface, which results in a
new PL peak above X0. This feature, referred to as H1, appears in
the MoSe2 PL spectrum with a linewidth comparable to X0. While
lower-energy PL sidebands are relatively common in TMDs due to
phonon replicas and exciton localization,44–48 these observations are
the first such detection of a higher-energy PL sideband. Detailed
temperature-dependent, power-dependent, and spatially resolved

PL measurements on multiple heterostructures demonstrate that H1
has an origin consistent with a native exciton state rather than a
localized exciton or defect state. However, H1 disappears at the TiSe2
CDW temperature, which suggests that these two phenomena are
closely linked. We have identified multiple plausible scenarios and
discuss them in detail, although none are able to explain all aspects of
our observations. Interactions between excitons and CDWs provide
a fresh challenge to the theoretical community and a novel method
for engineering excitons in 2D materials.

II. RESULTS
A. Optical characterization of vdW heterostructures

The optical microscope images of two TiSe2–MoSe2 vdW
heterostructures termed sample 1 and sample 2, respectively, are
presented in Figs. 1(a) and 1(b). These samples are assembled by
a modified viscoelastic method49 that incorporates atomic force
microscope (AFM) cleaning.50 The black dashed line outlines the
ML–MoSe2 flake in each sample. Representative low-temperature
(5 K) PL spectra taken on (black) and off (red) the interface are
shown in Figs. 1(c) and 1(d) for the two samples. Emission from
the MoSe2 X−(≈1.62 eV) and X0(≈1.65 eV) states agrees with prior
observations in both energy and linewidth.11,18,51–53 The interface PL

FIG. 1. Optical microscope images of TiSe2–MoSe2 vdW heterostructures: (a) sample 1 and (b) sample 2. The black dotted line outlines the ML–MoSe2 layer. 5 K PL
spectra taken on (black) and off (red) the interface for (c) sample 1 and (d) sample 2. These locations are denoted by red and black stars in panels (a) and (b), respectively.
In addition to the X0 and X− emission observed in ML–MoSe2, the H1 PL peak appears at ≈1.68 eV on the interface. Spatially mapped X−/X0 integrated intensity ratio
across the interface showing variations in the X− intensity for (e) sample 1 and (f) sample 2. Spatially mapped H1/X0 integrated intensity ratio across the interface showing
changes in the H1 intensity in (g) sample 1 and (h) sample 2. The ratio X−/X0 correlates with changes in the H1/X0 intensity at the interface.
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spectra contain a previously unobserved feature, referred to as H1, at
≈1.68 eV. H1 is comparable to X0 in both intensity and linewidth for
sample 1, while being weaker and broader in sample 2.

The 5 K PL spectra also show the evidence of an anticorrelation
between H1 and X−. Spatially resolved PL maps of the interface allow
us to explore this behavior further and connect it to interface quality
by examining the integrated intensity ratios X−/X0 [Figs. 1(e) and
1(f)] and H1/X0 [Figs. 1(g) and 1(h)]. H1 and X0

+ X− integrated
intensities are plotted separately in Fig. S1 of the supplementary
material. For sample 1, the ratio of X−/X0 [Fig. 1(e)] varies between
1 and 2 over most of the MoSe2 flake with a notable jump at the
crack on the bottom left quadrant of the map. On the heterostructure
itself, this ratio plummets to well below 1, indicating the absence of
free charges that can participate in trion formation. The connection
of the X−/X0 ratio to charge transfer is well established in numer-
ous reports11–13,54 and, since the transfer efficiency is exponentially
dependent on distance, can be used as a proxy for interlayer spacing.
MoSe2 tends to be n-type as-exfoliated, and TiSe2 band alignment
suggests that it will act as an electron acceptor.55 Therefore, the near
absence of X− emission on the sample 1 overlap region suggests good

coupling between the TiSe2–MoSe2 flakes. For sample 2, the X−/X0

ratio [Fig. 1(f)] is larger on the MoSe2 flake, varying between 3 and
6, which may originate from unintentional doping during the het-
erostructure fabrication process. On the TiSe2–MoSe2 overlap, we
observe a reduction in the X− intensity co-localized with H1 but
smaller than in sample 1. From this, we suggest that interlayer cou-
pling is weaker in sample 2, which could be due to contaminants
or partial oxidation of the TiSe2 flake. The remaining analyses will
therefore focus on sample 1, unless otherwise noted.

B. Temperature and power dependence of H1
In this section, we discuss temperature- and power-dependent

PL measurements on and off the TiSe2–MoSe2 interface. Figure 2(a)
shows a temperature-dependent PL intensity map from 5 to 265 K
taken on the interface in sample 1. A similar dataset for sample 2 is
included in the supplementary material (Fig. S2). Here, the 5 K PL
emission spectrum is the same as in Fig. 1(c) with prominent, sharp
emission from X0 and H1, heavily reduced X− emission, and a broad
feature originating from defects. With increasing temperature, PL
from defect excitons and X− decreases and becomes unobservable

FIG. 2. (a) Temperature-dependent PL map on the TiSe2–MoSe2 interface of sample 1. The dashed lines are guides to the eye, and the 5 K PL spectrum beneath the
map labels the optical transitions. TCDW for bulk TiSe2 is indicated by the horizontal white line. (b) Line shape analysis of PL spectra taken on (red) and off (black) the
TiSe2–MoSe2 interface. The interface spectra have been shifted to align the X0 emission energies between the two curves. (c) Energy separation between H1 and X0

vs temperature for two separate runs (red, blue), each consisting of a warming (W, circles) and cooling (C, squares) curve. 1-σ error bars from fits to the PL spectra are
included. X0–X− is included for ML–MoSe2 to illustrate the difference from H1. (d) Log–log plot of the PL integrated intensity vs excitation laser power. The solid black lines
are power-law fits to the data.

APL Mater. 10, 011103 (2022); doi: 10.1063/5.0067098 10, 011103-3

© Author(s) 2022

https://scitation.org/journal/apm
https://www.scitation.org/doi/suppl/10.1063/5.0067098
https://www.scitation.org/doi/suppl/10.1063/5.0067098
https://www.scitation.org/doi/suppl/10.1063/5.0067098


APL Materials ARTICLE scitation.org/journal/apm

for T > 70 K in agreement with prior studies.56–59 Both X0 and H1
are visible at elevated temperatures but are difficult to distinguish
above ≈190 K. We obtain a better understanding through the analy-
sis of the PL line shape for ML–MoSe2 and TiSe2–MoSe2. Figure 2(b)
compares PL spectra at selected temperatures taken on (red curve)
and off (black curve) the TiSe2–MoSe2 interface. The presence of the
TiSe2 capping layer causes X0 to blueshift due to the different dielec-
tric constant.25,26 To facilitate comparison, we eliminate this shift by
adjusting the energy axis of the TiSe2–MoSe2 spectrum so that the
X0 PL peaks overlap. The energy shift amounts to ∼1–3 meV across
the entire temperature range. H1 is visible as a weak shoulder of X0

between 190 and 220 K. Above these temperatures, the PL line shape
on and off the interface is identical, indicating that the driving mech-
anism behind H1 has dissipated. We also fit each PL spectrum to a
sum of Lorentzian functions and extract the temperature-dependent
peak parameters for H1, X0, and X−. The energy splitting, H1–X0, is
shown in Fig. 2(c) over two cooling and warming runs that extend
up to 200 K. In both cases, the energy separation between H1 and X0

decreases with temperature until 200 K after which it is difficult to
obtain a reliable fit.

The temperature window of 190–220 K is apparently crucial to
H1 and is known to be important for TiSe2. Bulk 1T-TiSe2 under-
goes a 2 × 2 × 2 commensurate-CDW transition in the range of
TCDW ≈ 200–210 K, as observed in a variety of optical and electronic
measurements.39,60–62 The CDW transition opens a bandgap at the
TiSe2 M point in the Brillouin zone (BZ) with an associated order
parameter well described by the Bardeen–Cooper–Schrieffer (BCS)
model.62 The observed correlation of H1 with TCDW suggests a close
relationship between H1 in MoSe2 and the CDW in TiSe2.

Power-dependent PL measurements provide further insight
into the nature of H1, as presented for sample 1 in Fig. 2(d) and for
sample 2 in the supplementary material (Fig. S2). The PL intensity
generally scales with power as IPL ∝ Pα, where IPL is the integrated
PL intensity and P is the excitation power. The exponent α ≈ 1 for
free excitons and >1 for multiexcitons.16 Localized exciton states
exhibit a more complicated behavior. At low powers, α ∼ 1 but
then becomes sublinear as the localized states are saturated.59 These
behaviors are observed in Fig. 2(d) where we plot the natural log-
arithms of IPL and P. The linear fits to these data allow for the
extraction of α. We find that both X0 and H1 have an α ≈ 1, with the
value for H1 being somewhat lower, suggesting free exciton char-
acteristics. As expected, the defect band first exhibits α ≈ 1 at low
powers and then shows signs of saturation with α ≈ 0.7. While α for
H1 is lower than would be expected for a free exciton, the absence of
saturation is more consistent with this interpretation.

C. CDW phase at the TiSe2–MoSe2 interface
Raman spectroscopy can probe the square of the CDW order

parameter directly since the intensity of the symmetry-forbidden
modes appears in the second order of the ionic displacements of
the high-symmetry positions. Raman measurements performed at
the TiSe2–MoSe2 interface in the range of 5–265 K are shown in
Fig. 3(a). The 5 K Raman spectra show the CDW modes at ECDW

g

(70 cm−1) and ACDW
g (108 cm−1), as well as normal TiSe2 lat-

tice modes at 132 and 200 cm−1 of Eg and A1g symmetry,
respectively.63,64 The MoSe2 A1g mode is also visible at 245 cm−1

and is related to out-of-plane vibrations.65 Figure 3(b) plots the

FIG. 3. (a) Temperature-dependent Raman spectra taken on the TiSe2–MoSe2
interface in sample 1. (b) Shift in the observed TiSe2 Raman modes relative to the
5 K value. 1-σ error bars from spectral fitting are included. The solid black line is fit
to Eq. (1) that accounts for optical phonon decay processes. (c) Normalized inte-
grated Raman intensity of the CDW modes (green diamonds) and lattice modes
(blue squares) vs temperature. The dotted magenta line indicates TCDW . The solid
black line is a fit to Eq. (2).

temperature-dependent shifts of all TiSe2 modes relative to their
frequency at 5 K. The 135 cm−1 mode is largely unaffected by tem-
perature changes, blueshifting slightly as temperature is lowered and
then stabilizing. The 200 cm−1 mode is insensitive to the CDW tran-
sition, and its anharmonicity can be understood by a combination
of optical phonon decay and temperature-dependent changes in the
lattice constants.66 This is described by the following equation [solid
black line in Fig. 3(b)]:

Δ(ω(0), T) = ω0 + A(1 +
2

ex − 1
). (1)

Here, x = hωB/2kBT, ω0 is the 0 K harmonic frequency, and A repre-
sents the anharmonic contributions to the frequency of the 200 cm−1

optical mode as it decays into two acoustic phonons. The obtained
value for A = −1.85 cm−1 is within the ballpark of similar phonon
anharmonicity studies done on TMDs.67,68

The CDW modes at 70 and 109 cm−1 redshift and broaden
with increasing temperature. These modes are unresolved above
T = 100 K, which is well below TCDW . This behavior is commonly
attributed to quantum fluctuations of the density wave.69 Integrat-
ing the Raman intensity over the spectral range encompassing the
CDW modes allows us to monitor the CDW up to the transition
temperature [Fig. 3(c)]. Thermal melting of the CDW is expected to
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follow a temperature dependence consistent with the BCS treatment
where the order parameter Δ(T) can be given as70

Δ2
(T)

Δ2(0)
∝ tanh2⎛

⎝
αBCS

√

1 −
T

TCDW

⎞

⎠
, (2)

where αBCS is a constant determined by BCS theory but in practice
can vary between materials. This model fits the integrated intensity
data well up to TCDW , as shown in Fig. 3(c).

III. DISCUSSION
Investigations into the properties of 2D excitons in TMDs have

covered remarkable ground over the past decade.9,10,71–73 Despite
these remarkably comprehensive studies, no observations of vdW
heterostructures have shown PL satellites above X0. Therefore, we
explore here three possible mechanisms that could be responsible
for H1.

Before proceeding with the analysis of potential microscopic
interpretations of the new peak, we summarize key experimental
observations. First, H1 lies 25–32 meV above X0 with an intensity
that differs between samples (Fig. 1). Second, within a single sam-
ple, the relative intensity of H1 to X0 is temperature independent

[Fig. 4(a)]. Third, the energy difference between H1 and X0 fol-
lows the CDW order parameter Δ2. We illustrate this in Fig. 4(c)
by overlaying neutron scattering data from Ref. 61, the energy
separation H1–X0, and the integrated intensity of the TiSe2-CDW
Raman features. Fourth, the intensity ratio H1/X0 decreases with
increasing laser power [Fig. 4(b)]. Finally, H1 and X− are spatially
anti-correlated (Fig. 1).

A. Mechanism I: Activation of forbidden/dark excitons
Semiconducting TMDs host numerous dark exciton states

where optical recombination is forbidden by momentum conser-
vation or symmetry. Density functional theory (DFT) calculations
of MoSe2 suggest that a finite-momentum dark exciton lies 30 meV
above X0.74 This indirect exciton is formed from an electron resid-
ing at the Q(Q′) valley and a hole at the K(K′) valley [Fig. 4(e)].
The indirect exciton has not been observed experimentally in PL,
but resonant Raman measurements offer some evidence for dark
excitons above X0.75 While the energy of this exciton matches the
energy of H1, a viable mechanism is required to provide the miss-
ing momentum needed for optical recombination of this dark state.
Mechanism I explores how the interface between TiSe2 and MoSe2

FIG. 4. (a) PL integrated intensity ratios H1/X0 (red circles) and X−/X0 (blue diamonds) vs temperature. (b) H1/X0 integrated intensity ratio vs the laser power (lin–log scale).
(c) Overlay of the energy separation between H1 and X0 for sample 1, the integrated Raman intensity of the CDW modes, and the TiSe2 CDW superlattice peak extracted
from neutron scattering data in Ref. 61, all versus temperature. (d) A schematic of a type-II band alignment at the TiSe2–MoSe2 interface leading to an interlayer exciton. (e)
Brillouin zones for the MoSe2 lattice and the corresponding reciprocal lattice unit cell (gray). (f) Lengths of the scattering vectors ∣ K − Q ∣ in units of the MoSe2 reciprocal
lattice vectors (colored solid lines) compared to the length of the reciprocal lattice vectors of the undistorted (red dot) and CDW (blue dots) lattice in TiSe2. The horizontal
dashed lines are guides to the eye. The vertical dashed line is drawn to pass through κ = 0.55 to facilitate the comparison with the magnitude of the MoSe2 wavevectors
∣K − Q∣ and the smallest reciprocal lattice vector (dots) in TiSe2.
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could potentially activate such dark states by introducing a new
spatial periodicity that violates quasimomentum conservation.

MoSe2 and TiSe2 form an incommensurate superstructure for
most stacking configurations, which, formally, implies a full relax-
ation of quasimomentum conservation. In order to illustrate this,
consider the MoSe2 Bloch wave functions at the TiSe2–MoSe2 over-
lap. We assume that there is no hybridization between MoSe2
and TiSe2 wave functions, which is reasonable due to their large
spatial separation. The quasimomentum can then be defined
by the MoSe2 lattice alone, and the Bloch functions are ψk(r)
= ∑gak+g exp[i(k + g) ⋅ r], where g is a MoSe2 reciprocal lattice
(r.l.) vector and ak+g are the Bloch coefficients. The presence of the
TiSe2 lattice and CDW can be thought of as a periodic “defect”
for MoSe2 that enables scattering between the K and Q points.
The matrix element of the associated potential for Bloch states is
⟨ψQ∣V(r)∣ψK⟩, where K is a wavevector for any of the K-equivalent
points and Q is a wavevector for any of the Q-equivalent ones
[Fig. 4(e)]. V(r) is the effective TiSe2 defect potential, which can be
expanded in the TiSe2 r.l. vectors t. Note that the lattice parameter
for TiSe2 is 7.8% larger than MoSe2 so that if we measure the recip-
rocal space in units of 2π/aMoSe2 , then for Mo, the first r.l. vectors
will be g1,2 = {

√
3/2,±1/2}; g3 = g1 + g2. For TiSe2, the equivalent

r.l. vectors t1,2,3 will be shorter by 7.8%.
Using the expansion of V(r), we obtain

⟨ψQ∣V(r)∣ψK⟩ = ∑
t
⟨ψQ∣vteit⋅r

∣ψK⟩

= ∑
t,g,g′
⟨aK+gei(K+g)⋅rvteit⋅ra∗Q+g′e

−i(Q+g′)⋅r
⟩

= ∑
t,K,Q

aKa∗Qvt⟨ei(K−Q+t)⋅r
⟩

= ∑
t,K,Q

aKa∗Qvtδ(K −Q + t).

In the last line, the summation goes over all equivalent K and Q
points. While, in principle, in an infinite lattice, one can always
find a triad K, Q, t wavevectors that closely satisfies the condition
∣K −Q + t∣ = 0, the coefficients vt and, to lesser extent, ag rapidly
decay (the form factor effect), and so this scattering process can only
be efficient if ∣t∣ is small.

Determining if the TiSe2 “defect” potential can enable K → Q
scattering requires matching ∣t∣ and ∣K −Q∣. We have carried out
DFT calculations of the TiSe2–MoSe2 heterostructure to determine
how this position is altered by interlayer coupling. The location of
the Q valley is κ = ∣Q − Γ∣/∣K − Γ∣, which are clustered around 0.55
± 0.05 for multiple DFT runs. The magnitude of the smallest scatter-
ing vectors K −Q is (1 − κ)/

√
3, (1 + κ)/

√
3, (
√

1 − κ + κ2)/
√

3,
(
√

1 + κ + κ2)/
√

3, (2 − κ)/
√

3, and (
√

4 − 2κ + κ2)/
√

3, where the
first two values correspond to scattering from Q to K or K′, while
the next two values correspond to scattering from Q′ to K or K′,
and the last two to scattering into the next BZ. For κ = 0.55, in units
of 2π/aMoSe2 , these are 0.260, 0.895, 0.501, 0.785, 0.832, and 1.033,
respectively. At the same time, the smallest vector of the r.l. of TiSe2
without the CDW is t1 = 0.928(2π/aMo).

In Fig. 4(e), we present the magnitude of the scattering
wavevector ∣K −Q∣ between different K and Q points vs κ in MoSe2.
These are compared to the r.l. vectors of TiSe2 in the normal (blue

dots) and CDW (red dot) phases. The smallest TiSe2 r.l. vector
can only match one of the ∣K −Q∣ values if κ is 0.607, which is
far outside our DFT predictions. In the 2 × 2 × 2 CDW phase
of TiSe2, the magnitude of the r.l. vectors (τi) are shortened to
τ1 = t1/2; τ2 = t1

√
3/2; τ3 = t1; τ4 =

√
7/2t1. We find that particu-

larly τ2 = 0.804 is close to the magnitude of one of the K −Q vectors.
This is shown by the red dot in Fig. 4(e). The mismatch is less than
0.019(2π/aMo) and is reduced to zero for κ = 0.59, a value within the
range of the DFT calculations.

Therefore, we conclude that the CDW potential opens a new
K → Q scattering channel. This would enable optical recombination
of an indirect, finite-momentum exciton, resulting in the appearance
of a new PL line at the same energy as H1.74 Future calculations tak-
ing into account the effect of the CDW–exciton coupling may be
able to assess this scenario quantitatively, but such calculations are
outside our current capabilities. This result explains the emission
energy of H1, its disappearance at TCDW , and its anticorrelation with
X−. However, this mechanism would also imply H1–X0 (barring
unrelated phenomena) to be T-independent and the H1/X0 inten-
sity ratio to follow Δ2. Our observations indicate just the opposite
[Figs. 4(a) and 4(c)]. Furthermore, this mechanism cannot explain
the decrease in the H1/X0 intensity ratio with excitation power in
Fig. 4(b).

B. Mechanism II: Interlayer 2D TiSe2–MoSe2 exciton
Another intriguing possibility is the formation of an interlayer

exciton by an electron in MoSe2 and a hole in the TiSe2 layer, as
shown in Fig. 4(d). This is only possible due to the opening of the
CDW bandgap in the low-temperature regime but is inconceivable
in the normal metallic phase. The intensity of such an exciton will
be defined by (T-independent) interlayer tunneling, and the position
will be, roughly, given by Ec(MoSe2) − EF(TiSe2) − ECDW(TiSe2)/2.
The energy gap, ECDW , is proportional to the order parameter Δ2,
and its value is unclear: Experiments cite different numbers, and
most angle-resolved photoemission spectroscopy studies find the
top of the valence band to be separated from the Fermi level (i.e.,
half the bandgap) by 50–75 meV,62,76 qualitatively consistent with
the H1–X0 separation, and roughly following Δ2.

For this scenario to be realized, the top of the Mo valence band
at K should fall inside the CDW gap in TiSe2 (or, equivalently, within
a few tens of meV from the TiSe2 Fermi energy, EF , in the metal-
lic phase). Our standard DFT calculations using a supercell with
2 × 2 periodicity in TiSe2 and

√
7 ×
√

39 in MoSe2 (Ti16Mo19) show
that EF is about 230 meV above the MoSe2 valence band. This is
illustrated in Fig. 4(d) and detailed in Sec. S3 of the supplementary
material. Hence, while this naturally explains all five experimental
observations it also requires an assumption that the DFT calcula-
tions of the band alignment are off by 100–150 meV, which may
be reasonable once the electronic correlations that drive the CDW
formation and the details of the vdW interface are properly included.

C. Mechanism III: Exciton–phonon
and exciton–plasmon interaction

Exciton formation and recombination can, in principle, be
assisted through coupling to a variety of bosonic excitations. Again
focusing on the activation of a dark finite-momentum exciton, the
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lowest energy phonon with the appropriate momentum has an
energy of ∼10 meV77 so that the corresponding PL energy should
be shifted down (phonon-assisted emission) from the momentum
dark exciton energy. This would suggest that H1 is a phonon replica
of a higher-energy exciton, either symmetry forbidden or momentu-
indirect. However, this mechanism is unlikely considering that it is
intrinsic to MoSe2 and cannot explain the role of the TiSe2 CDW. In
principle, interlayer coupling could allow TiSe2 phonons to create
exciton–phonon replicas in MoSe2. H1 should in this case emerge at
higher temperature if TiSe2 phonons are involved, and the replica
would show additional temperature dependence compared to X0,
in contradiction with our observation.78–80 An additional possibility
regarding the activation of a finite-momentum exciton by coupling
to TiSe2 is the presence of a distinct low-energy plasmon. A curious
aspect of the TiSe2-CDW transition is the presence of a low-energy
plasmon, which has been claimed as evidence of the excitonic insu-
lator mechanism,81 although this claim was later disputed.82 This
plasmon was measured to have an energy of hωpl(q) ≈ 50 meV at
T = 17 K with q = 0. This excitation was found to soften with tem-
perature, reaching hωpl ≈ 35 meV at T = 185 K. The plasmon is only
present in the CDW phase, so it is tempting to associate it with the
H1 PL line.

Signatures of exciton–plasmon interaction in PL have attracted
considerable attention recently.83–86 While these papers consider
excitons and plasmons spatially coexisting in the same material, the
theory is equally applicable to spatially separated MoSe2 excitons
and TiSe2 plasmons, as long as they are coupled by the Coulomb
interaction. In principle, two mechanisms are possible (see Sec. S4
of the supplementary material for a detailed discussion): The exci-
ton Green function can be renormalized by a virtual process of
emission and absorption of a plasmon or a process with either emis-
sion or absorption of a real plasmon. The former process shifts the
exciton line EX up by a fixed amount, which in the first approxima-
tion can be expressed as E2

X − E2
X0 ≈ 4∣M∣2EX0h̵ωpl/(E2

X0 − (h̵ωpl)
2
)

≈ 4∣M∣2 h̵ωpl/EX0, where EX0 is the position of X0 in the absence of
exciton–plasmon coupling and M is the exciton–plasmon coupling
constant. However, one would expect the coupling constant to vary
spatially, so instead of two lines one would observe a broad manifold
starting at EX0 and ending at around EX0 + 2∣M∣2h̵ωpl/EX0, in con-
tradiction with the experiment. The other mechanism preserves the
main line and adds two satellites, shifted down and up by aroundωpl.
The intensity of the upper peak is roughly temperature independent,
and the intensity of the lower peak is proportional to the population
of thermally or extrinsically excited plasmons. We do not observe the
lower satellite at all, and the upper satellite, H1, only loses its inten-
sity with temperature [Fig. 2(b)] and with the laser power [Fig. 4(b)],
in obvious contradiction with the assumed physics.

D. Summary of possible mechanisms
We have presented here three speculative scenarios by which a

new feature may appear in the PL of a TiSe2–MoSe2 heterostructure.
While none can fully capture the entire scope of our observations,
we conclude that the dark exciton and interlayer exciton interpre-
tations are the most likely explanations for H1. While the plasmon
model is exciting due to its connection to TiSe2 excitonic-insulator
physics, it appears less likely to be important for this particular
heterostructure.

IV. CONCLUSION
We have discovered the presence of a new exciton-like peak

in TiSe2–MoSe2 heterostructures using temperature-dependent PL
spectroscopy. The H1 emission feature is localized to the het-
erostructure interface and correlated with TCDW in TiSe2. We have
presented multiple scenarios that could explain the origin of this fea-
ture. The most plausible explanations of H1 are, presently, (1) an
interlayer TiSe2–MoSe2 exciton and (2) the brightening of momen-
tum dark excitons by the CDW potential. These results are the first
demonstration of exciton engineering via proximitized CDWs and
provide the 2D theoretical community with a fresh challenge to
understand the microscopic mechanisms underlying CDW–exciton
interactions.

V. GROWTH OF TMD MATERIALS
MoSe2 crystals were grown by the chemical vapor transport

(CVT) method using polycrystalline MoSe2 powder (≈1 g) and SeBr4
transport agent (≈0.1 g). The source and growth zones in a vacuum-
sealed 20 cm long quartz ampoule were kept at 980 and 890 ○C,
respectively, for seven days. The procedure for CVT-grown TiSe2
crystals is outlined in Ref. 39.

VI. SAMPLE PREPARATION, ASSEMBLY, AND AFM
“NANO-SQUEEGEE”

Bulk-hBN flakes were mechanically exfoliated and transferred
on O2 plasma cleaned Si/SiO2 substrates. MLs of 2H–MoSe2
obtained through mechanical exfoliation were subsequently trans-
ferred on an identified hBN flake. For both materials, the transfer
process was done using the PDMS-based dry viscoelastic stamping
method.49 This method has been known to leave polymer residues
between the interface of two TMDs deposited during the transfer
process but has proven to be optimal for fabricating heterostruc-
tures.7 To create clean interfaces, an AFM-based “nano-squeegee”
procedure was employed.50 This involves the use of a standard AFM
tip to push out polymer residues deposited between the two TMDs
in a vertical heterostructure. We were able to use the same method
to also remove surface residues present on the ML–MoSe2 flake,
using a 7 N/m spring constant tip and a contact force of 140 nN.
Bulk TiSe2 is then brought into contact with the sample using the
same dry-transfer technique as done for ML–MoSe2. The sample was
additionally vacuum annealed at 200 ○C for 5 h to improve coupling.

VII. EXPERIMENTAL SETUP
Low-temperature PL and Raman measurements were carried

out on a confocal microscope setup with 532 nm laser excitation
focused through a 0.42 NA, 50× long working-distance objec-
tive to achieve a spot diameter of 2.4 μm. The light is collected
in a back-scattering geometry, with the collection fiber-coupled
to a 500 mm focal length single spectrometer integrated with a
liquid-N2 cooled charge-coupled device detector. The samples were
placed under vacuum and cooled in a closed cycle He-cooled
cryostat (Montana Instruments Corporation) with a variable tem-
perature range from 4 to 300 K. Raman measurements on the
TiSe2–MoSe2 interface were carried out using the same setup; how-
ever, the excitation path included a collection of Bragg grating
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notch filters enabling the acquisition of data within 15 cm−1 of
the laser line. The excitation wavelength used for Raman mea-
surements was 532 nm, and the laser power was kept at 300 μW
pre-objective. Spatially resolved and temperature-dependent PL
measurements were done using the same laser wavelength, while the
power was kept within 150 μW pre-objective.

SUPPLEMENTARY MATERIAL

Additional spatially resolved PL measurements of samples 1
and 2, temperature and power-dependent measurements of sam-
ple 2, DFT calculations of the TiSe2–MoSe2 heterostructure, and a
theoretical model of exciton–plasmon coupling are included in the
supplementary material.
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Bryja, “Probing of free and localized excitons and trions in atomically thin WSe2,
WS2, MoSe2 and MoS2 in photoluminescence and reflectivity experiments,”
Nanotechnology 28, 395702 (2017).
54E. Liu, J. van Baren, Z. Lu, M. M. Altaiary, T. Taniguchi, K. Watanabe, D.
Smirnov, and C. H. Lui, “Gate tunable dark trions in monolayer WSe2,” Phys.
Rev. Lett. 123, 027401 (2019).
55C. Zhang, C. Gong, Y. Nie, K.-A. Min, C. Liang, Y. J. Oh, H. Zhang, W. Wang,
S. Hong, L. Colombo, R. M. Wallace, and K. Cho, “Systematic study of electronic
structure and band alignment of monolayer transition metal dichalcogenides in
van der Waals heterostructures,” 2D Mater. 4, 015026 (2016).
56R. Sharma, J. Pandey, K. R. Sahoo, K. S. Rana, R. K. Biroju, W. Theis, A.
Soni, and T. N. Narayanan, “Spectroscopic correlation of chalcogen defects in
atomically thin MoS2(1−x)Se2x alloys,” J. Phys. Mater. 3, 045001 (2020).
57T. Verhagen, V. L. P. Guerra, G. Haider, M. Kalbac, and J. Vejpravova,
“Towards the evaluation of defects in MoS2 using cryogenic photoluminescence
spectroscopy,” Nanoscale 12, 3019–3028 (2020).
58M. Tangi, M. K. Shakfa, P. Mishra, M.-Y. Li, M.-H. Chiu, T. K. Ng, L.-J. Li,
and B. S. Ooi, “Anomalous photoluminescence thermal quenching of sandwiched
single layer MoS2,” Opt. Mater. Express 7, 3697 (2017).
59S. Tongay, J. Suh, C. Ataca, W. Fan, A. Luce, J. S. Kang, J. Liu, C. Ko, R. Raghu-
nathanan, J. Zhou, F. Ogletree, J. Li, J. C. Grossman, and J. Wu, “Defects acti-
vated photoluminescence in two-dimensional semiconductors: Interplay between
bound, charged and free excitons,” Sci. Rep. 3, 2657 (2013).
60K. Sugawara, Y. Nakata, R. Shimizu, P. Han, T. Hitosugi, T. Sato, and T. Taka-
hashi, “Unconventional charge-density-wave transition in monolayer 1T–TiSe2,”
ACS Nano 10, 1341–1345 (2016).
61F. J. Di Salvo, D. E. Moncton, and J. V. Waszczak, “Electronic properties and
superlattice formation in the semimetal TiSe2,” Phys. Rev. B 14, 4321–4328 (1976).

APL Mater. 10, 011103 (2022); doi: 10.1063/5.0067098 10, 011103-9

© Author(s) 2022

https://scitation.org/journal/apm
https://doi.org/10.1103/physrevmaterials.1.054001
https://doi.org/10.1103/physrevmaterials.1.054001
https://doi.org/10.1021/acs.nanolett.6b03276
https://doi.org/10.1038/ncomms15251
https://doi.org/10.1038/s41565-019-0520-0
https://doi.org/10.1038/s41377-021-00500-1
https://doi.org/10.1038/s41377-021-00500-1
https://doi.org/10.1021/acsnano.8b01369
https://doi.org/10.1021/acs.nanolett.7b01304
https://doi.org/10.1021/acs.nanolett.8b03266
https://doi.org/10.1038/s41467-019-11966-4
https://doi.org/10.1103/physrevlett.124.197401
https://doi.org/10.1103/physrevlett.119.127403
https://doi.org/10.1126/sciadv.1603113
https://doi.org/10.1103/physrevlett.125.157402
https://doi.org/10.1038/s41586-021-03560-w
https://doi.org/10.1103/PhysRevLett.127.037402
https://doi.org/10.1038/s41467-021-23732-6
https://doi.org/10.1063/5.0074613
https://doi.org/10.1063/5.0074613
https://doi.org/10.1103/physrevb.65.235101
https://doi.org/10.1103/physrevb.61.16213
https://doi.org/10.1103/physrevlett.99.146403
https://doi.org/10.1103/physrevmaterials.3.053402
https://doi.org/10.1103/physrevmaterials.3.053402
https://doi.org/10.1038/s41467-020-14472-0
https://doi.org/10.1103/physrevlett.124.196802
https://doi.org/10.1021/acs.nanolett.0c00633
https://doi.org/10.1038/s41467-019-10477-6
https://doi.org/10.1038/s41467-020-16934-x
https://doi.org/10.1038/s41467-020-16934-x
https://doi.org/10.1088/2053-1583/1/1/011002
https://doi.org/10.1021/acsami.8b01224
https://doi.org/10.1088/2053-1583/aa6aa1
https://doi.org/10.1038/s41598-017-09739-4
https://doi.org/10.1088/1361-6528/aa87d0
https://doi.org/10.1103/PhysRevLett.123.027401
https://doi.org/10.1103/PhysRevLett.123.027401
https://doi.org/10.1088/2053-1583/4/1/015026
https://doi.org/10.1088/2515-7639/abab6a
https://doi.org/10.1039/c9nr07246b
https://doi.org/10.1364/ome.7.003697
https://doi.org/10.1038/srep02657
https://doi.org/10.1021/acsnano.5b06727
https://doi.org/10.1103/physrevb.14.4321


APL Materials ARTICLE scitation.org/journal/apm

62P. Chen, Y.-H. Chan, X.-Y. Fang, S.-K. Mo, Z. Hussain, A.-V. Fedorov, M. Y.
Chou, and T.-C. Chiang, “Hidden order and dimensional crossover of the charge
density waves in TiSe2,” Sci. Rep. 6, 37910 (2016).
63D. L. Duong, G. Ryu, A. Hoyer, C. Lin, M. Burghard, and K. Kern, “Raman char-
acterization of the charge density wave phase of 1T–TiSe2: From bulk to atomically
thin layers,” ACS Nano 11, 1034–1040 (2017).
64C. S. Snow, J. F. Karpus, S. L. Cooper, T. E. Kidd, and T.-C. Chiang, “Quantum
melting of the charge density wave state in 1T–TiSe2,” Phys. Rev. Lett. 91, 136402
(2003).
65P. Tonndorf, R. Schmidt, P. Böttger, X. Zhang, J. Börner, A. Liebig, M. Albrecht,
C. Kloc, O. Gordan, D. R. T. Zahn, S. Michaelis de Vasconcellos, and R. Brats-
chitsch, “Photoluminescence emission and Raman response of monolayer MoS2,
MoSe2, and WSe2,” Opt. Express 21, 4908 (2013).
66M. Balkanski, R. F. Wallis, and E. Haro, “Anharmonic effects in light scattering
due to optical phonons in silicon,” Phys. Rev. B 28, 1928–1934 (1983).
67J. Joshi, I. R. Stone, R. Beams, S. Krylyuk, I. Kalish, A. V. Davydov, and P. M.
Vora, “Phonon anharmonicity in bulk Td-MoTe2,” Appl. Phys. Lett. 109, 031903
(2016).
68L. Su, Y. Zhang, Y. Yu, and L. Cao, “Dependence of coupling of quasi 2-D MoS2

with substrates on substrate types, probed by temperature dependent Raman
scattering,” Nanoscale 6, 4920–4927 (2014).
69G. Grüner, Density Waves in Solids (CRC Press, 1994).
70P. Wölfle, “Theory of sound propagation in pair-correlated Fermi liquids:
Application to 3He-B,” Phys. Rev. B 14, 89–113 (1976).
71K. F. Mak, C. Lee, J. Hone, J. Shan, and T. F. Heinz, “Atomically thin MoS2: A
new direct-gap semiconductor,” Phys. Rev. Lett. 105, 136805 (2010).
72S. Shree, I. Paradisanos, X. Marie, C. Robert, and B. Urbaszek, “Guide to optical
spectroscopy of layered semiconductors,” Nat. Rev. Phys. 3, 39–54 (2021).
73D. Unuchek, A. Ciarrocchi, A. Avsar, K. Watanabe, T. Taniguchi, and
A. Kis, “Room-temperature electrical control of exciton flux,” Nature 560,
340–344 (2018).

74T. Deilmann and K. S. Thygesen, “Finite-momentum exciton landscape in
mono- and bilayer transition metal dichalcogenides,” 2D Mater. 6, 035003
(2019).
75L. P. McDonnell, J. J. S. Viner, P. Rivera, X. Xu, and D. C. Smith, “Observation
of intravalley phonon scattering of 2s excitons in MoSe2 and WSe2 monolayers,”
2D Mater. 7, 045008 (2020).
76C. Monney, E. F. Schwier, M. G. Garnier, N. Mariotti, C. Didiot, H. Beck,
P. Aebi, H. Cercellier, J. Marcus, C. Battaglia, H. Berger, and A. N. Titov,
“Temperature-dependent photoemission on 1T–TiSe2: Interpretation within the
exciton condensate phase model,” Phys. Rev. B 81, 155104 (2010).
77T. M. Project, “Materials data on MoSe2 by materials project,” (Lawrence
Berkeley National Lab. (LBNL), Berkeley, CA, 2020).
78H. Shibata, “Negative thermal quenching curves in photoluminescence of
solids,” Jpn. J. Appl. Phys., Part 1 37, 550–553 (1998).
79J. Huang, T. B. Hoang, and M. H. Mikkelsen, “Probing the origin of excitonic
states in monolayer WSe2,” Sci. Rep. 6, 22414 (2016).
80S. S. Lin, B. G. Chen, W. Xiong, Y. Yang, H. P. He, and J. Luo, “Negative ther-
mal quenching of photoluminescence in zinc oxide nanowire-core/graphene-shell
complexes,” Opt. Express 20, A706 (2012).
81A. Kogar et al., “Signatures of exciton condensation in a transition metal
dichalcogenide,” Science 358, 1314–1317 (2017).
82C. Lian, Z. A. Ali, and B. M. Wong, “Charge density wave hampers exciton
condensation in 1T-TiSe2,” Phys. Rev. B 100, 205423 (2019).
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