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Abstract. Integration of single photon emitters with nanophotonic structures on a chip is key
for the development of future quantum optoelectronic devices. Here we study the formation
of single photon emitters in a WSe, monolayer by local nanoindentation with an atomic force
microscope probe. Using the bichromatic photoluminescence-imaging approach, we define the
spatial locations of single photon emitters with deep sub-wavelength accuracy.
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Annoranusa. MHrerpanuusi otTHOQOTOHHBIX U3JydyaTeseil ¢ HAaHO(OTOHHBIMU CTPYKTypaMU
Ha ONTUYECKOM YUIIe SIBJISIETCS KITIOUEBOM 3aadyeii B 001acT pa3paboTKK OyIyIIMX KBAHTOBBIX
OTITORJIEKTPOHHBIX YCTPOWCTB. 3/1eCh MBI M3y4aeM WCTOYHWUKW OJMHOYHBIX (DOTOHOB B
monocnoe WSe,, chopMrpoBaHHbIE METOJIOM JIOKATbHOM nAedopmalvy ¢ TMOMOWIBIO 30HIA
ATOMHO-CHUJIOBOTO MUKpockorna. Mcrosib3yst MeTon GMXpoMaTuiecKoil (hOTOMIOMUHECIIEHTHOM
BU3yaJu3allui, Mbl OMNpeaesiseM IMPOCTPAHCTBEHHOE pPAcToJioXeHUue OIHO(MOTOHHBIX
u3Jyyatesieil ¢ BBICOKON TOYHOCTbIO B INIyOOKOM CYOBOJIHOBOM MaciiuTabe.

KioueBbie ciioBa: VIcCTOUHUK OAMHOUYHBIX (POTOHOB, IBYMEPHBIC MaTepUaIIbl, HAHO(DOTOHUKA,
KBaHTOBAsl ONTHUKA
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Introduction

Single photon emitters (SPEs) are important elements for applications in quantum
communication and computing devices [1]. One of the promising platforms for creating single
photon emitters is provided by two-dimensional transition metal dichalcogenides (TMDs) [2].
Deformation of a two-dimensional material, for example, by the probe of an atomic force
microscope (AFM), can lead to the formation of SPEs in TMD monolayers [3, 4]. The practical
advantage of this approach is the possibility of forming arrays of emitters in specified locations
on the chip due to the precise positioning of the AFM probe and the integration of emitters with
nanophotonic structures on the chip. However, the integration accuracy is limited by the size
of the nanoindent. In this work, we form arrays of single photon sources by the method of local
deformation, and then investigate their optical properties and localization. The results of our work
provide a broader understanding of the single photon sources in two-dimensional semiconductors
and the possibility of their practical application in quantum technology devices.

Materials and Methods

In this work, we study the formation process of SPEs in a WSe, monolayer by local deformation
with an AFM probe. Our experimental sample is SiO,(1 um)/Si substrate with silver alignment
marks on the surface, covered with a thin layer of polymethylmethacrylate (PMMA) polymer. We
obtain a monolayer of WSe, by mechanical exfoliation and transfer it to the polymer using a dry
transfer. The array of single photon emitters is fabricated in the WSe, monolayer by the method
of local deformation by the AFM probe. We modify the tip of the probe by removing the sharp
end with a focused ion beam so that the tip is a plane with lateral dimensions of about 500 nm.
This allows us to avoid premature rupture of the WSe, monolayer. Then we deform the WSe,
monolayer and create nanoindents with a depth of 100—200 nm and a lateral size of about 500 nm
(schematically shown in Fig. 1, a). At the same time, the WSe, monolayer does not relax and
retains its shape due to the adhesion forces with the PMMA substrate. Fig. 1, b shows the redshift
of exciton states in a WSe, monolayer due to lattice deformation, and the process of hybridization
of a dark exciton with an atomic defect, which is the most likely mechanism for the formation of
a single photon source.

Next, we study the optical properties of the obtained emitters at cryogenic temperatures (7 K). To
do this, we use the methods of photoluminescence spectroscopy, bichromatic photoluminescence
imaging approach [5, 6] and time resolved spectroscopy. In our work, for pumping we used a
continuous HeNe laser with a wavelength of 632.8 nm, or a pulsed laser with filter that regulates
the wavelength and width of the laser line, and a pulse frequency of 60 MHz. The collection and
pumping of emission was carried out by a 50X objective with a numerical aperture NA = 0.65.

Results and Discussion

Quantum emitters are created and localized at the nanoindents. Fig. 1, ¢ shows a typical
photoluminescence spectrum of a deformed WSe, monolayer near a nanoindent. Bright peaks
are clearly visible on the spectrum, they also appear around other nanoindents, and the emission
range varies from 720 to 800 nm. Using polarization filtering, we found that they are linearly
polarized with a degree of linear polarization from 40 to 80%. We note, that brightness of the
formed emitters varies in the range from 0.5 to 3 MHz. We check the single-photon character
of the manufactured emitters using measurements of the second-order correlation function,
obtaining the value of the second-order correlation function at zero delay g®(0) less than 0.2 for
most of the studied emitters. Fig. 1, d shown a characteristic graph of the second-order function
of one of the emitters. Fit function (red curve) gives a value of g?(0) = 0.067 £ 0.039.
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Fig. 1. Concept image of SPE fabrication approach based on nanoindentation of WSe, monolayer with
an atomic force microscope probe (a). Diagram showing the process of hybridization of a dark exciton
with an atomic defect of the WSe, crystal lattice (b). A typical photoluminescence spectrum near a
nanoindent in a region with a diameter of about 1.5 pm (¢). Experimentally measured second order
correlation function for the PL signal from one of SPE. g?(0) = 0.067 £ 0.039

To determine the location of quantum emitters, we selected only those emitters whose radiation
peaks we were able to completely filter out from a wider background using spectral and polarization
filtering. The bichromatic PL-imaging approach consists in simultaneous illumination of the
sample with 632.8 nm HeNe laser to excite the photoluminescence of the SPE and with light
with a longer wavelength to illuminate the alignment marks. Reflected light and PL of SPE are
imaged on the CMOS camera (Fig. 2, a). The alignment marks are also visible on the AFM map
due to the swelling of the PMMA above them (Fig. 2, ). The coordinates of the centers of the
alignment marks and the emitters were obtained from orthogonal linear scans of the AFM map
and the optical image using Gaussian function fitting (Fig. 2, ¢). The exact position of the SPE is
defined by converting the coordinates of the alignment marks and the SPE from the optical image
to the AFM map of the structure. On average, the uncertainty of the SPE position obtained from
a series of images was less than 60 nm.

Unexpectedly, we found that quantum emitters are formed from the outer edges of the
nanoindents, and not inside them. Figure 2, d shows an AFM map with the location of one of the
SPE. The locations near the vertices of the triangular imprint of the probe is also characteristic
of other emitters. We assume that the use of a probe of a different shape may allow us to form
emitters in a more controlled way in the WSe, monolayer.
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Fig. 2. Optical image of the photoluminescence from a single SPE and reflected light by the alignment
marks (a). AFM scan of a sample with an array of nanoindents in WSe, monolayer and alignment
marks (coincides with Fig. 2, @) (b). Orthogonal line cuts (x-axis) of the photoluminescence image,
showing the profile of the SPE emission (red triangle symbols) and of the image of the alignment mark
(red square symbols) and their Gaussian fits (red lines). Orthogonal line cut of the AFM scan, showing
the profile of the alignment mark (blue square symbols) and its Gaussian fit (blue line) (c¢). The exact
position of the SPE near the indent (the size of the cross shows uncertainty). The blue arrow shows
the polarization of the SPE (d)

Conclusion

In this work, we have study the process of forming single photon sources by the method of
local deformation. We have determined that the single photon sources obtained have a high
degree of linear polarization and a high degree of single photon purity. We also note that in the
process of nanoindentation, quantum emitters are randomly formed around the outer edges of the
nanoindentation. The results of our research work are important for the practical application of the
local deformation method in the creation of single photon generators for quantum communication
and computing devices and especially for the following works on the integration of single-photon
emitters with nanophotonic structures on a chip.
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