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In atomically thin two-dimensional semiconductors such as transition metal dichalcogenides (TMDs), 

controlling the density and type of defects promises to be an effective approach for engineering light-matter 

interactions. We demonstrate that electron-beam irradiation is a simple tool for selectively introducing defect-

bound exciton states associated with chalcogen vacancies in TMDs. Our first-principles calculations and time-

resolved spectroscopy measurements of monolayer WSe2 reveal that these defect-bound excitons exhibit 

exceptional optical properties including a recombination lifetime approaching 200 ns and a valley lifetime 

longer than 1 ✩s. The ability to engineer the crystal lattice through electron irradiation provides a new approach 

for tailoring the optical response of TMDs for photonics, quantum optics, and valleytronics applications.  

(Dated: 14 June 2018) 

 

Solid-state quantum technologies rely on the ability to store 

and transmit information using the internal quantum 

degrees of freedom of electrons and excitons, such as spin 

or total angular momentum [1]. In two-dimensional 

transition metal dichalcogenide (TMD) crystals, 

information can be also encoded in the valley pseudospin 

associated with the occupancy of distinct valleys in 

momentum space [2]. In monolayer TMDs, broken 

inversion symmetry and strong spin-orbit interaction 

couple the electronic spin and valley pseudospin, leading to 

valley-dependent optical selection rules for the direct-gap 

transitions at the K and K´ valleys. Due to spin-valley 

coupling, excitons residing in the K (K´) valley interact with 

left-circularly (right-circularly) polarized light, enabling 

optical access to the valley pseudospin [3]. The ability to 

coherently control valley excitons in monolayer TMDs has 

revived interest in the field of valleytronics, with seminal 

examples including the optical generation of valley 

polarization [4,5] and valley coherence [6,7], optical 

rotations of the valley pseudospin [8✪10], and the valley 

Hall effect of photo-excited carriers [11,12].  

TMD-based valleytronics have typically relied on 

light-matter interactions with delocalized excitons in 

monolayer crystals. Excitons have an intrinsically fast 

recombination lifetime and dephasing time due to their 

large interband oscillator strength, which place strict 

limitations on the ability to coherently manipulate the 

valley pseudospin before information is lost through 

dissipation or decoherence [13]. Consequently, longer-

lived excitonic transitions with stable valley pseudospin are 

required to make significant breakthroughs for practical 

quantum device applications. Promising candidates 

exhibiting long valley polarization lifetimes include 

interlayer excitons in heterostructures [14], optically dark 

excitons [15], and photo-excited valley-polarized 

carriers [16,17].  

An interesting question is whether, like delocalized 

excitons in monolayers and heterostructures, spin-valley 

coupling is preserved for spatially localized excitons. Point 

defects naturally present in the TMD crystal lattice serve as 

zero-dimensional quantum dot sites that can confine 

excitons, extending the ~1 ps delocalized exciton 

recombination lifetime up to ~1 ns [18✪22]. The longer 

lifetime suggests that the valley polarization lifetime may 

also be enhanced, although it is not clear a priori whether 

defects mix the K and K' valleys. Moreover, the lack of 

control over the presence and spatial position of defects in 

TMDs currently limits their utility for scalable devices. 

Addressing these challenges would facilitate the realization 

of devices with desirable optical and electronic properties 

for valleytronics and quantum technologies. 

In this Letter, we demonstrate a simple and reliable 

method for engineering defects that inherit the spin-valley 

coupling of the host TMD crystal. Using an electron beam, 

we irradiate a pristine monolayer of WSe2, which 

introduces an inhomogeneously broadened defect 

resonance in the emission spectrum below the delocalized 

exciton. Irradiation preferentially creates chalcogen 

vacancies [23] that give rise to multiple defect bands in the 

electronic bandstructure as verified with density-functional 

theory (DFT) calculations. Using time-resolved 

photoluminescence spectroscopy, we find that the 

recombination lifetime of defect-bound excitons is as long 

as 200 ns ✪ at least two orders of magnitude longer than 

natural tungsten-based defects often present in monolayer 

WSe2 [24,25]. Moreover, the defect emission exhibits large 
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likely associated with D3-type transitions between occupied 

and unoccupied defect bands. Because these defect states 

lack the intrinsic three-fold rotational symmetry of the host 

crystal, they extend throughout k-space and do not exhibit 

any spin-valley coupling, which is consistent with the 

absence of circularly polarized emission at higher energies. 

The presence of multiple types of defect transitions may 

also explain the emission energy dependence of the 

recombination dynamics shown in Fig. 3. Due to the 

similarity between the energies of the D3-type defect and 

delocalized excitons, hybridization leads to additional 

oscillator strength for these transitions [26]. As a result, 

these defects exhibit a faster recombination lifetime than 

the D1- and D2-type defects emitting at lower energy. 

In summary, we have demonstrated that electron-beam 

irradiation is a promising approach for engineering defects 

in monolayer WSe2. These defects arise from selenium 

vacancies as opposed to tungsten vacancies naturally 

present in the material. Excitons bound to selenium-based 

defects in WSe2 exhibit ultralong recombination lifetimes 

(200 ns) and robust valley polarization with an intervalley 

scattering time of at least 1 �s✁comparable to or longer 

than other promising approaches being pursued with bright 

(~40 ns) and dark (~1 �s) excitons in TMD 

heterostructures [14,15]. The intrinsically high nanometer 

spatial resolution of an electron beam could facilitate the 

fabrication of site-controlled single-quantum emitters in 

TMDs for quantum optics and photonics applications. 

These defect states in WSe2 may have superior optical 

properties compared to previously studied defects and 

single emitters. For example, using the fast lifetime 

component of  ~10 ns as a conservative estimate, a 

transform-limited coherence time of 2  = 20 ns 

(corresponding to < 0.04 �eV or < 10 MHz homogeneous 

linewidth) is possible. Isolating single quantum emitters of 

this type through strain engineering would enable a scalable 

production of single-photon emitter arrays. Resonant 

nonlinear optical spectroscopy of these states might also 

reveal novel spin and valley dynamics, couplings, and 

multi-exciton transitions that can be leveraged for TMD-

based quantum devices. 
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