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Abstract: Optically dark states play an important role in

the electronic and optical properties of monolayers (MLs)

of semiconducting transition metal dichalcogenides. The

effect of temperature on the in-plane-field activation of the
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neutral and charged dark excitons is investigated in a WSe2
ML encapsulated in hexagonal BN flakes. The brightening

rates of the neutral dark (XD) and grey (XG) excitons and

the negative dark trion (TD) differ substantially at partic-

ular temperature. More importantly, they weaken consid-

erably by about 3–4 orders of magnitude with tempera-

ture increased from 4.2 K to 100 K. The quenching of the

dark-related emissions is accompanied by the two-order-of-

magnitude increase in the emissions of their neutral bright

counterparts, i.e. neutral bright exciton (XB) and spin-singlet

(TS) and spin-triplet (TT) negative trions, due to the thermal

activations of dark states. Furthermore, the energy split-

tings between the dark XD and TD complexes and the corre-

sponding bright XB, TS, and TT ones vary with temperature

rises from 4.2 K to 100 K. This is explained in terms of the

different exciton–phonon coupling for the bright and dark

excitons stemming from their distinct symmetry properties.

Keywords: dark excitons; temperature influence; bright-

ening

1 Introduction

The existence of dark neutral and charged (trions) excitons

determines the optical response in so-called darkishmono-

layers (MLs) of semiconducting transition metal dichalco-

genides (S-TMDs), i.e. MoS2, WS2, and WSe2 [1]–[15]. For

darkishMLs, the dark excitons and trions are characterised

by significantly lower energies compared to their bright

counterparts [1]–[15]. Alternatively, the bright S-TMD MLs,

i.e. MoSe2 and MoTe2, have the energetically lowest states,

which are optically allowed. The dark transitions are opti-

cally forbidden or inactive, as the recombining electron-

hole (e–h) pairs are characterised by a parallel spin con-

figuration for an electron and a hole of the conduction

and valence bands, respectively [1], [16]. To date, proper-

ties of dark excitons and trions have been investigated in
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MLs embeddedwithin several environments (e.g. exfoliated

on Si/SiO2 substrate or encapsulated in hexagonal boron

nitride (hBN)flakes) [1], [15], for various levels of free carrier

concentration [5], [11], [12], or due to the Lamb shift [17]. The

best well-known phenomenon for significantly brightening

of the emission due to dark states in S-TMDMLs is achieved

by the in-plane magnetic field (B‖), which leads to mixing

the spin levels of bright and dark excitons [1], [2], [7], [8].

In this work, we determine the effect of temperature

on the in-plane-field activation (brightening) of neutral dark

(XD) and grey (XG) excitons and negative dark trions (TD)

in a high-quality WSe2 ML encapsulated in hBN flakes. We

found that the brightening of the XD, XG, and TD lines differ

substantially fromeach other at particular temperature, but

more importantly, it weakens considerably by almost 3–4

orders of magnitude with temperature increased from 4.2 K

to 100 K. The quenching of the dark-related emissions is

accompanied by the two-order-of-magnitude enlargement

of the neutral bright counterparts, i.e. neutral bright exci-

ton (XB) and spin-singlet (TS) and spin-triplet (TT) negative

trions, due to the thermal activations of bright states. In

addition, the extracted dark-bright energy splitting between

the neutral and charged complexes is also affected when

the temperature is increased from 4.2 K to 100 K. This can

be explained in terms of the different exciton-phonon cou-

plings for the bright and dark excitons because of their

various symmetries.

2 Experimental results

Figure 1(a)–(c) represent the photoluminescence (PL) spec-

tra of the WSe2 ML encapsulated in hBN flakes at zero mag-

netic field and at 30 T applied in the plane of the ML (B‖)

measured at three different temperatures 4.2 K, 50 K, and

100 K, respectively. The zero-field spectrum at 4.2 K displays

a set of characteristic emission lines; see Figure 1(a). This

spectrum, apart from those related to the neutral bright

exciton (XB), intravalley spin-singlet (TS) and intervalley

spin-triplet (TT) negative trions, consists of several emission

lines on its lower energy side. These additional lines have

been attributed in the literature to charged excitons (tri-

ons), neutral and charged biexcitons, dark excitons and tri-

ons, their phonon replicas, etc. [4]–[6], [10]–[15], [18]–[24],

described in detail in the Supplementary Material (SM). The
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Figure 1: Photoluminescence spectra of the investigated WSe2 ML at different temperatures: (a) 4.2 T, (b) 50 K, and (c) 100 K, measured at zero field

(orange curves) and at B‖ = 30 T (blue curves) applied in the plane of the ML. The PL spectra were normalised to the intensity of the bright XB line.

(d)–(f) Corresponding relative spectra (red curves) defined as PL
B‖=30T − PL

B‖=0T. Insets in the panels (d)–(f) shows the X
G∕D emission lines with their

corresponding Lorentzian fits.
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application of the external B‖ field results in the appear-

ance of the new signal at energies below the XB, see Figure

1(a)–(c). These new field-induced emission lines were asso-

ciated with the recombination processes of neutral dark

exciton (XD) and negative dark trion (TD). The sign of the

T
D trion is determined from the PL lineshape at T = 4.2 K

in which two lines due to negative T
S and T

T trions are

apparent [18].

To better visualise the effect of the in-plane magnetic

field on dark complexes and compare the results obtained at

different temperatures, we define the relative spectrum as

PLB‖=30T − PLB‖=0T intensity. The relative spectra obtained

forB‖= 30 T are shown in Figure 1(d)–(f). For dark excitons,

the exchange interaction lifts their valley degeneracy, which

gives rise to afine structure splittingwith two types of states,

termed grey and dark excitons [3], [4], [25]. These two states

are qualitatively different. The XG has an optically active

recombination channel with photons emittedwithin theML

plane [26], which can be observed only in a standard out-of-

plane experimental setupwhen using objectives with a high

numerical aperture [3], [4]. TheXD state is truly optically for-

bidden, and its activation requires external magnetic fields

[3], [4]. The detailed analysis of the emission line, shown in

the inset to Figure 1(d), reveals its fine structure, i.e. XD and

X
G, which is in line with previous studies on WSe2 MLs [3],

[4]. The dark exciton emission was deconvoluted up to T =
40 K, using two Lorentz functions, which allowed us to inde-

pendently investigate the intensities of the contributions of

the XG and XD transitions.

As seen in Figure 1, three lines, i.e. TD, XD, and XG, sig-

nificantly brightened at T = 4.2 K. The temperature increase

to 50 K results in the forty and thirty five times decrease

of the maximum intensity of the T
D and X

D emissions,

respectively. The further temperature increase results in the

intensity reduction by more than an order of magnitude

for both emission lines. This demonstrates that temperature

can drastically modify the brightening effect of in-plane

magnetic fields on the dark states.

To analyse in detail the influence of temperature on the

brightening of dark complexes, we deconvoluted the rela-

tive spectra using Lorentz functions. The extracted evolu-

tion of the integrated intensities (I) of the studiedTD,XD, and

X
G complexes as a function of the in-plane magnetic field

for three selected temperatures are presented in Figure 2.

The dependencies are expected to be quadratic and can be

described by the formula: I = 𝛼B2
‖
, where 𝛼 corresponds

to the brightening coefficient (see Refs. [1], [2], [4], [25]).

The 𝛼 parameter is proportional to the population of dark

excitons and the emission intensity of the bright exciton

[4], [15]. As can be seen in Figure 2, the experimental data

can be nicely reproduced by the fitted intensity evolution

(a)

(b)

(c)

Figure 2: Magnetic field evolution of the integrated intensities of

the neutral grey (XG) and dark (XD) excitons and the dark trion (TD)

extracted at different temperatures: (a) 4.2 K, (b) 50 K, and (c) 100 K.

Black curves represent the fits of the function I = 𝛼B2
‖
.

given by the formula. The complete analysis of the mag-

netic field dependences of the integrated intensities of the

investigated lines are given in the SM. The 𝛼 is substan-

tially different for the X
D and X

G excitons at T = 4.2 K,

i.e. 𝛼XD = 24 × 10−2 T−2 and 𝛼XG = 39 × 10−3 T−2. This

large variation can be explained by the difference in the

populations of these two states at 4.2 K. The population ratio

e−𝛿∕kT = 0.161 (𝛿 = 660 μeV [4]) is in excellent agreement

with the measured ratio 𝛼XG∕𝛼XD = 0.161. This suggests that

the relative population of the neutral grey and dark exci-

tons is controlled by the Boltzmann distribution. The 𝛼TD =
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16 × 10−2 T−2 confirms that the free-electron density in the

studied WSe2 ML is not negligible, leading to the formation

of a significant number of dark trions. From T = 50 K, a

single emission line can be resolved in the energy range of

the neutral grey and dark excitons, which is denoted asXG∕D

in the following (see Figure 3). By analysing the temperature

variation of the 𝛼 parameters of the XG and XD lines, we can

propose the attribution of the aforementioned single line at

temperatures higher than 40 K. Although the 𝛼XD parameter

decreases by about one order of magnitude from 4.2 K to

50 K and simultaneously the variation of 𝛼XG is only a few

times, we tentatively ascribe this line to the grey exciton.

The neutral and charged dark exciton intensities also follow

the aforementioned quadratic evolutions at higher temper-

atures, see Figure 2(b)–(c) and the SM for details. However,

themagnitude ofmagnetic activation of dark complexes, i.e.

𝛼 parameter, is greatly reduced by more than 3 orders of

magnitude with increasing temperature from 4.2 K to 100 K.

The temperature dependence of the integrated intensi-

ties of the TD, XD, and XG complexes obtained in magnetic

field B‖ = 30 T is shown in Figure 3(a). Note that the corre-

sponding evolution of the extracted 𝛼 parameters displays

analogous trends and is shown in the SM. The X
D inten-

sity reduces dramatically 7 times in the temperature range

4.2 K–20 K, while the XG counterpart intensity stays almost

at the same level. At higher temperatures, the intensities of

both neutral dark excitons show similar intensities up to

(a)

(b)

Figure 3: The integrated intensities of the (a) dark (XG, XD, and TD)

and (b) bright (XB, TT, and TS) complexes, obtained in magnetic field

B‖ = 30 T, as a function of temperature. The vertical axes are given

in logarithmic scale for clarity.

40 K, which is followed by the exponential decay of the XD

intensity. For the TD, its intensity stays at the same level up

to 20 K, and then a significant drop of TD intensity is appar-

ent. In summary, the increase at temperature from 4.2 K to

100 K leads to the reduction of the integrated intensities of

the dark complexes by more than 3 orders of magnitude.

Figure 3(b) shows the integrated intensities of the XB, TT,

and TS lines. The evolution of the XB intensity describes a

similar evolution to theXG andXB ones, which are, however,

inverted. This means that up to around 40 K–50 K, a small

increase of the XB intensity is observed, which is followed

by its rapid exponential growth, as previously reported [27].

The analogous inverted evolution can be seen for the TT

and TS lines compared to the dark trion. These results show

that the intensities of the bright and neutral complexes for a

given family (neutral and charged) are associated with each

other. However, for the bright complexes, only a 2 orders

of magnitude increase is observed in the range from 4.2 K

to 100 K, as compared to the aforementioned 3 orders of

magnitude reduction for the dark features.

Although the difference in the 𝛼 parameter of the XG

and XD lines can be explained by the difference in the popu-

lation of these two states (the Boltzmann distribution) from

4.2 K to 40 K, the difference in the temperature evolution

between the dark and bright excitons and trions is more

complex. For bright neutral excitons in WSe2 ML, a strong

quenching of their emission was referred to the presence of

their dark counterparts with decreasing temperature [27],

[28]. In our case, we observe directly that the reductions

mentioned above in the X
B, TT, and T

S emissions occur

simultaneously with substantial brightening of the dark

complexes (XD, XG, and TD). Due to the substantial suppres-

sion of the thermal activation of dark excitons at low tem-

peratures (T < 50 K and <30 K for the neutral and charged

excitons, respectively), bright emissions are also reduced in

this temperature range.When the temperature is increased,

the efficiency of thermal activation from the dark to bright

states increases, which leads to a shrinkage of the bright-

ening of dark states as the population of the bright states

grows. The competition between the thermal activation of

the bright states and the in-plane magnetic activation of the

dark states suppresses the brightening of dark complexes at

temperatures higher than 100 K. An analogous quenching of

the brightening, i.e. above 100 K, was reported for WSe2 ML

exfoliated on the Si/SiO2 substrate [2].

Figure 4 presents the energy splitting between bright

(XB, TT, and T
S) and dark (XD, XG, and T

D) complexes as

a function of temperature. The temperature evolution of

given excitonic complexes is shown in the SM. The neutral

bright-dark splitting (XB and XD) stays constant at 60 K, and

further a blueshift of about 3 meV is observed at higher
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temperatures. This behaviour can be understood in terms

of different properties of the symmetries of the bright and

grey (dark) excitons. The X
B exciton is characterised by

the in-plane dipole moment, whereas the zero and out-

of-plane dipole momenta determine the X
D and X

G com-

plexes. The typical redshifts of excitonic resonances under

increased temperature are associated with the shrinkage of

the bandgap energy [29]. However, for excitonic complexes,

the interaction of bound electron-hole pairs with lattice

phonons needs to be taken into account, which results in

slightly different temperature evolutions of particular exci-

tonic transitions [1], [28]. Due to the different orientations

of excitonic dipole moments, they can couple to phonons

of several symmetries, e.g. described by in-plane or out-of-

plane vibrations, andhence affect the excitonic temperature

dependences. The bright-dark splittings for the negative tri-

ons (TT and TS vs. TD) are almost constant up to 80 K, and

are followed by redshifts of about 2 meV. In this case, unfor-

tunately, the extracted dependences are a consequence of

a peculiar temperature evolution of the TD lines (see the

SM for details), which needs to be further developed. The

presented analysis of the bright-dark splitting sheds new

light on the temperature activation of the bright complexes.

So far, its modelling relies on a constant value of energy

splitting [10], [27], while our results demonstrate its clear

variation at higher temperature. We believe that our work

would trigger more theoretical studies on this issue.

3 Summary

In conclusion, we described the in-plane-field optical activa-

tion of the neutral dark/grey excitons and the negative dark

trions in aWSe2 ML as a function of temperature from 4.2 K

to 100 K. The brightening ratios of the dark complexes differ

substantially from each other at a particular temperature,

but more importantly, it vanishes considerably by about

3–4 orders of magnitude with the temperature increased

from 4.2 K to 100 K. The quenching of the dark-related emis-

sions is found to be accompanied by enlargement of the

neutral bright counterparts, neutral bright exciton and spin-

singlet and spin-triplet negative trions, due to their thermal

activations. Furthermore, the extracted dark-bright energy

splittings between the neutral and charged complexes were

shown to be a function of temperature with nonmonotonic

changes of about 2 meV when temperature is increase from

4.2 K to 100 K. This was explained in terms of the different

exciton-phonon couplings for the bright and dark excitons

because of their various symmetry properties. Our results

indicate that the population of dark excitons and dark trions

plays a very important role in theWSe2 ML emission spectra

in the temperature range below 100 K, but also affect the

spectra at higher temperatures due to increased thermal

activation.

4 Methods

The investigated sample is composed of a WSe2 ML

and hBN layers that were fabricated by two-stage PDMS

(polydimethylsiloxane)-based mechanical exfoliation [30].

TheWSe2 MLflakewas placed on the thick bottomhBNflake

(with thickness of about 39 nm), which was directly exfo-

liated on the SiO2(90 nm)/Si substrate. Finally, the ML was

cappedwith a thinner top hBNflake (with thickness of about

29 nm) and then the complete hBN/WSe2 ML/hBN/SiO2/Si

structure was obtained.

Low-temperature micro-magneto-PL experiments

were performed in the Voigt geometry, i.e. magnetic

field orientated parallel with respect to ML’s plane.

Measurements (spatial resolution 1 μm) were carried out

with the aid of a resistive magnetic coil that produces

fields up to 30 T using a free-beam-optics arrangement. The

sample was placed on top of an x–y–z piezo-stage kept at T

= 4.2 K and was excited using a CW laser diode with 515 nm

wavelength (2.41 eV photon energy).

Laser light was focused to the sample and the signal

was collected using the long-working distance objective (NA

= 0.35). The emitted light was dispersed with a 0.5 m focal

length monochromator and detected with a CCD camera.
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