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Abstract: We report on multiple excitonic resonances in

bilayer tungsten diselenide (BL-WSe2) stacked at different

angles and demonstrate the use of the stacking angle to

control the occurrence of these excitations. BL-WSe2 with

different stacking angles were fabricated by stacking

chemical vapour deposited monolayers and analysed us-

ing photoluminescence measurements in the temperature

range 300–100 K. At reduced temperatures, several exci-

tonic features were observed and the occurrences of these

exitonic resonances were found to be stacking angle

dependent. Our results indicate that by controlling the

stacking angle, it is possible to excite or quench higher

order excitations to tune the excitonic flux in optoelec-

tronic devices. We attribute the presence/absence of

multiple higher order excitons to the strength of interlayer

coupling and doping effect from SiO2/Si substrate. Under-

standing interlayer excitations will help in engineering

excitonic devices and give an insight into the physics of

many-body dynamics.

Keywords: 2D transition metal dichalcogenides; bilayer

WSe2; exitonic device; many-body dynamics; multiple
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1 Introduction

Transition metal dichalcogenides (TMDs) with the chemi-

cal formula MX2 (M = transition metal and X = chalcogen)

are a class of two-dimensional (2D) materials beyond gra-

phene, which have attracted much attention recently

because of their interesting optical properties [1, 2].

Monolayer (1L) TMDs are direct bandgap semiconductors

with excellent quantum confinement, broken inversion

symmetry and reduced dielectric screening resulting in the

formation of strong coulomb bound electron-hole pair,

called excitons [3, 4]. Hence, light–matter interactions in

these systems are primarily governed by the excitonic ef-

fects, which have been exploited to develop exciton-based

devices [5–9]. Apart from this two body complex, 1L-TMDs

also exhibit higher-order excitations namely, three body

complex called charged exciton or trion [10], four body

complex called biexciton [11], and so on [12, 13]. These

higher order excitations show distinct excitation power

dependence [14–16], lifetime [11], spatial distribution [17,

18], and have specific spin-valley configurations [19–21]

which make them useful for novel quantum optoelectronic

applications. However, external control of these excita-

tions in 1L-TMDs have remained a major challenge and

restricted their practical applicabilities.

Bilayer (BL) systems comprising of twomonolayers of

same or different TMDs have drawn lots of interest to-

wards designing novel quantum materials due to fasci-

nating emergent properties [22–27]. The key control knob
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for designing these materials is the stacking angle

dependent interlayer coupling which can be used as an

external degree of freedom to tune their optical and

electronic properties [28–31]. Recently, electrically

controlled excitonic switching has been demonstrated in

BL-TMDs due to the formation of interlayer excitonic

species [32–34]. Although some initial work has been

done to explore many body effects in BL-TMDs [28, 35, 36],

most of these demonstrations are limited only to neutral

excitons. However, for better flux control and efficient

device applications, it is important to understand all the

higher order excitations and their stacking angle depen-

dence in BL-TMD systems.

In the present work, we report on multiple excitonic

resonances in BL-WSe2 on SiO2/Si substrate stacked at

different angles, using temperature dependent photo-

luminescence (PL) measurements. At temperature ∼100 K,

the presence or absence of these resonances showed strong

stacking angle dependence. Excitation power dependent

PL measurements confirmed the nature of these reso-

nances as higher order excitations, such as trions and

biexcitons, along with neutral excitons. The emission in-

tensities and the peak positions of these higher order ex-

citations, relative to that of the neutral exciton, showed a

systematic stacking angle dependence. These observations

demonstrated the interlayer nature of these excitations and

were attributed to stacking angle dependent interlayer

distance and doping efficiency from SiO2/Si substrate. This

study provides an ideal platform for understanding inter-

layer excitations in BL-TMD systems for engineering exci-

tonic devices and gives an insight into the physics of the

many-body dynamics.

2 Materials and methods

Monolayer (1L) WSe2 flakes were grown on sapphire (001) substrate

using low pressure chemical vapour deposition (LPCVD) as reported

earlier [37]. The as grown 1L-WSe2 flakes on sapphire substrate were

transferred onto SiO2/Si substrate with 300 nm oxide thickness using

polymethyl methacrylate (PMMA) based transfer process [37]. For the

second layer transfer, 1L-WSe2/SiO2/Si was used as the substrate in

place of SiO2/Si. In order to reduce any inhomogeneity in the over-

lapping region caused due to the transfer process, samples were

annealed at ∼600 K for 1 h in Argon atmosphere [37]. As the transfer

processwas random, bilayer (BL) systemswith several stacking angles

were obtained and are shown in Fig.S1 of the supplementary infor-

mation. Stacking angle was measured as clockwise orientation of the

top layer with respect to bottom layer with an accuracy of ∼2°. Due to

three-fold symmetry of WSe2 flakes, BL-WSe2 stacked at angles 0° and

60° have minimum steric hindrance and hence maximum interlayer

interaction, while those stacked at angles around 30° have maximum

steric hindrance and hence minimum interlayer interaction [28, 29].

Therefore, from several fabricated BL systems, one with asymmetri-

cally stacked at angle 36° and two with symmetrically stacked at an-

gles 0° and 60° were selected for further studies, their corresponding

scanning electron microscopy (SEM) images and schematics are

shown in Figure 1. The atomic force microscopy measurements using

Park Systems NX10 were carried out to determine the thickness of

WSe2 flakes as shown in Fig. S2. An edge step height ∼0.9 nm at the

substrate-bottom layer interface and ∼0.7 nm at the bottom layer-top

layer interface corresponds to thickness of the two constituent 1L-

WSe2. These BL-WSe2 systems were characterized using room tem-

perature (RT) Raman and temperature dependent PL using a HORIBA

LabRAM confocal micro-PL system in back scattering geometry. A

laser of wavelength 488 nm, spot size∼1 μmand tunable optical power

from ∼0.3 to 300 μW was used as the excitation source. For RT mea-

surements, 100× objectives were used while for low temperature

measurements, long working distance 50× objectives were used. All

the PL and Raman spectroscopy measurements of BL-WSe2 samples

were carried out at three different locations in the overlap region.

Figure 1: (A) SEM images and (B) Schematic

of BL-WSe2 with asymmetric (36°) and

symmetric (0° and 60°) stacking angles.

Monolayers marked in red and blue

triangles are the bottom and the top layers

respectively. Black spheres represent W

atoms and yellow spheres represent Se

atoms. The schematics have been drawn

considering the two centrosymmetric

triangles.
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3 Results and discussion

As grown 1L-WSe2 flakes on sapphire and post-transfer on

SiO2/Si were characterized for their optical properties using

PL measurements. The RT PL peak of as grown pristine 1L-

WSe2 on sapphire was observed at ∼1.59 eV which shifted to

∼1.66 eV after transfer to SiO2/Si substrate due to the stress

release and bandgap renormalization after the transfer [38].

Figure 2A shows the RT PL spectra of 1L and the three BL-

WSe2 on SiO2/Si. The peak PL intensity for all the BL systems

was approximately half the intensity of 1L-WSe2 with negli-

gible change in the peak position. This reduction in the PL

intensity was due to the transition from direct bandgap in

monolayer to partial indirect bandgap nature in BL systems

[28, 39]. Interestingly, these spectra did not show any sig-

nificant stacking angle dependence. Figure 2B shows the low

frequency RT Raman spectra of BL-WSe2 for different stack-

ing angles. The red curve corresponding to the 60° stacking,

shows two modes at ∼17.3 and ∼29.5 cm−1 which can be

attributed respectively to the in-plane shear mode (SM) and

out-of-plane layer breathing mode (LBM) [40, 41]. However,

in the case of 0° stacking, shown in blue, SMwas absent and

only LBM was observed, with a slight red shift and peak

broadening. Theabsence of SMwasdue to its high sensitivity

to the atomic alignment and the red shift in LBMwas due to

reduced restoring force between the layers [41–43]. In the

case of 36° stacking, both thesemodeswere quenched due to

the lack of strong interlayer interaction. The low frequency

Raman spectrumof 1L-WSe2, shown in black, showeda peak

close to 20 cm−1, whose origin is not yet clear and can be

attributed to resonant effect arising due to 488 nm excitation

wavelength [37]. A similar peak has earlier been reported in

MoS2 at 38 cm−1 for 632 nm excitation [44]. Figure 2C shows

the RT Raman spectra of BL-WSe2 for different stacking an-

gles at higher frequencies. The peak at ∼250 cm−1 can be

attributed to E2g modes and at ∼260 cm−1 to the second order

2LA(M) mode [45]. These modes were found to be relatively

insensitive to the stacking angle. A weak peak at ∼308 cm−1

was observed in all the bilayer systemswhich corresponds to

the out-of-plane interlayer coupling mode A″2 and hence

was absent in 1L-WSe2 [45].

Since RT PL spectra were found to be insensitive to

stacking angle, temperature dependent PL measurements

down to 100 K, were carried out on these BL systems and

the corresponding spectra are shown in Fig.S3. It was

observed that, with the reduction in temperature, therewas

a blue shift and a gradual reduction in the PL intensity of 1L

as well as all the BL-WSe2 systems, which can be attributed

to the presence of optically dark exciton in WSe2 [46, 47].

Further, at temperatures below 150 K, the PL line shape of

asymmetrically and symmetrically stacked BL-WSe2 sys-

tems were different. Figure 3A shows the PL spectrum of

asymmetrically stacked BL-WSe2 at 100 K obtained using

66 μW excitation power. The PL spectrum clearly showed

the emergence of distinct emission features which indi-

cated the presence of multiple excitonic states. Deconvo-

lution of the PL spectrum into the constituent Gaussian

curves showed three dominant peaks marked as X0 (red),

X1 (green), and X2 (blue). Similar excitonic features were

observed in the case of 1L-WSe2 on SiO2/Si but were absent

in the case of 1L-WSe2 on sapphire substrate as shown in

the inset of Figure 3A. Therefore, it can be inferred that the

emergence of these distinct emission features was a sub-

strate dependent effect, in this case, due to the excess

carriers from SiO2/Si substrate coming from the interface

impurities or dangling bonds resulting in the doping of

WSe2 flakes [28, 38, 48].

In order to understand the nature of these excitonic

states, power dependent PLmeasurementswere performed

with the excitation power (PEx) varying from 0.03 to

240 μW.A broad low energy emission for PEx ∼0.03μWwas

observed as shown in Fig. S4, which was negligible for

higher PEx and can be attributed to localized excitons [15].

Figure 3B shows the logarithmic plot of the PL intensities (I)
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Figure 2: (A) Room temperature PL spectra;

(B) Low frequency Raman spectra and

(C) High frequency Raman spectra of 1L and

BL-WSe2 for different stacking angles. The

characteristic low frequency shear mode

(SM) and layer breathing mode (LBM) and

higher frequency E2g, 2LA, and A″2 modes

are marked with vertical dashed lines.
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for different excitation power (PEx) of the peaks marked in

Figure 3A and their fit to the power law I∝ Pa
Ex. The slope of

the power law fit corresponds to α and has been indicated

in the figure. The peak marked as X0 at ∼1.74 eV showed

almost linear dependence on PEx with α ∼ 0.97 and hence

can be attributed to neutral exciton [14]. The PL intensities

of the other two peaks were observed to increase more

steeplywith PEx, thereby indicating their origin to be higher

order excitons. The peak marked as X1 at ∼1.72 eV showed

super-linear behaviour with α ∼ 1.48 which is a character-

istic of the three body complex called trion, consisting of a

hole and two electrons [15, 38]. Excess carries from SiO2/Si

resulted in higher electron density in BL-WSe2 thereby

increasing the probability of a neutral exciton to interact

with an electron resulting in a negative trion with binding

energy∼20meV. The peak at∼1.70 eVmarked asX2 showed

quadratic behaviour with α ∼ 2.02 for PEx < 100 μW,

however became almost linear for higher PEx. Based on

its quadratic dependence on the excitation power and its

position ∼40 meV below the neutral exciton, the peak X2

can be attributed to the four body complex called biex-

citon [36]. The emission intensity saturation at higher PEx
was due to non-radiative decay channel, such as

exciton-exciton annihilation at high exciton density

[49]. These emission properties of the asymmetrically

stacked BL-WSe2, that is, the peak positions, binding

energies, and the power dependence of the neutral

exciton, negative trion, and biexciton are similar to that

of the 1L-WSe2. This indicates that, though there is some

interlayer interaction between the constituent layers, the

asymmetrically stacked BL system is equivalent to two 1L

systems. However, the case of symmetrically stacked BL

systems were strikingly different from their constituent

monolayers and also from that of asymmetrically

stacked one.

Figure 4A,C) show the PL spectra of the two symmet-

rically stacked BL-WSe2, stacked at 0° and 60° at 100 K,

obtained using 66 μW excitation power. These PL spectra

showed the emergence of several distinct emission features

and a red shift of ∼10 meV with respect to the asymmetri-

cally stacked system. The three peaks labelled a X0 (red), X1

(green), and X2 (blue) correspond to the ones observed in

the case of asymmetric stacking, namely, the neutral

exciton, negative trion and the biexciton. However, from I

versus PEx plots shown in Figure 4B,D, it was observed that

the PEx dependence of the neutral exciton was reduced to

sub-linear from linear and that of the biexciton reduced to

1.28 (1.06) for 60° (0°) from quadratic in the asymmetric

case. Moreover, the peaks X3 to X5 labelled in Figure 4A,C

were not observed in the asymmetrically stacked BL sys-

tem. The peakmarked as X3, based on its position at 1.65 eV

and its super-linear PEx dependence of ∼1.24 (1.13) for 0°

(60°) as shown in Fig. S5, may be assigned to the exciton-

trion complex also known as charged biexciton [12, 13].

This negatively charged five body complex consists of two

holes and three electrons with specific spin-valley config-

uration. Since, the two valence-band holes residing in the

same valley is energetically unfavourable, the only

possible configuration would consist of a negative-trion

bound to an exciton residing in different valleys [13].

Emission peaks at 1.60 eV and below in both the symmet-

rically stacked systems may be attributed to indirect and

localized excitons [39, 15]. Another feeble peak between X2

and X3 in the case of 60° was observed, its exact origin is

still under investigation. It should be pointed here that the

possibility of the formation of moiré superlattice due to the

angle measurement tolerance of ∼2° can be ignored as this

effect for TMDs are known to be pronounced for angles ≥

3.1° [50, 51]. Also, the PL measurements at three different

locations on the overlapping region were observed to be

consistent with an intensity variation within the experi-

mental limits, indicating absence of regions of different

stacking created due to moiré superlattice [42]. However,

no atomic resolution images were obtained and no local
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Figure 3: Asymmetrically stacked BL-WSe2
(36°): (A) PL spectrum (black) at 100 K,

obtained using 66 μW 488 nm excitation.

The constituent deconvolved peaks are

marked as X0 (red) at ∼1.74 eV, X1 (green) at

∼1.72 eV, and X2 (blue) at∼1.70 eV. The inset

shows the PL spectra of 1L-WSe2 on

sapphire (sap) and post-transfer on SiO2/Si

substrate at 100 K; and (B) Excitation power

dependence of X0, X1, and X2 and their fit to

the power law I ∝ Pa
Ex .
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probe measurements were done on the fabricated bilayer

samples as this was beyond the scope of this work.

Therefore, from these observations it evident that the

emission properties and presence/absence of different

excitonic states in BL-WSe2 system is highly sensitive to the

stacking angle. Figure 5A shows the intensity ratios and the

binding energies of X1 and X2 of the the three BL systems.

The intensity ration was calculated as the peak emission

intensity normalized with their respective neutral exciton

intensity. The contribution of both the higher order excitons

is more in the case of symmetrically stacked system when

compared to the asymmetrically stacked one. Also, it can be

noted that for symmetrically stacked systems, the binding

energies of X1 and X2 were 30 and 50 meV respectively,

which were reduced to 20 and 40 meV in the case of

asymmetric stacking. These observed differences may be

attributed mainly to two effects: (i) the interlayer coupling

and (ii) doping from the substrate. Firstly, due to steric

hindrance in the case of asymmetrically stacked BL-WSe2,

the interlayer distance is ∼0.72 nm, as calculated theoreti-

cally in earlier reportedwork, which reduces to∼0.65 nm for

symmetrically stacked one [52]. This reduction in interlayer
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obtained using 488 nm, 66 μW excitation
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distance would result in larger van derWalls force, stronger

interlayer coupling and higher exciton density. Secondly,

the doping effect from the SiO2/Si substrate has earlier been

shown to depend on the stacking angle [28]. The excess

electron transfer from SiO2/Si is more efficient for stronger

interlayer coupling and therefore is maximum in the case of

symmetric stacking compared to that in the asymmetric

case. These two effects together would give rise to increased

carrier density and hence multiple higher order excitonic

states in the symmetrically stacked BL systems and quench

them in the asymmetrically stacked ones. Further, from a

closer analysis of the two symmetrically stacked cases, it

can be inferred that the difference in the PL spectrum is

mainly due to the difference in relative contributions from

the different excitonic states. It was observed that the rela-

tive contribution of the charged species, viz., trion and

charged biexciton was more in 60° stacking while the

neutral biexciton was more in 0° stacking, as shown in

Figure 5B. This indicates that the doping effect ismore in the

case of the 60° compared to that in 0° stacking.

4 Conclusions

In conclusion, multiple excitonic resonances were

observed in BL-WSe2 from temperature dependent PL

measurements down to 100 K. The evolution of these

excitonic resonances was found to be sensitive to the

stacking angle i. e. appear in case of high symmetric

stacking, 0° and 60° and disappear in the case of asym-

metric stacking, here 36°, an intermediate angle. Excitation

power dependent PLmeasurements at 100 K confirmed the

nature of these resonances as higher order excitations such

as trions and biexcitons, alongwith neutral excitons. These

higher order excitations showed interlayer nature and their

occurrence were attributed to stacking angle dependent

interlayer coupling and doping efficiency from SiO2/Si

substrate. This work provides an ideal platform for un-

derstanding interlayer excitations in BL-TMD systems for

engineering excitonic devices and give an insight into the

physics of the many-body dynamics.
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