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Single-photon sour ces are important building blocks for quantum information technology. Emitters
based on solid-state systems provide a viable route to integration in photonic devices. Here, we
report on single-photon emitters in the layered semiconductor GaSe. We identify the exciton and
biexciton transition of the quantum emitters with power-dependent photoluminescence and photon
statistics measurements. We find evidence that the localization of the excitons is related to
deformations of the GaSe crystal, caused by nanoscale Selenium inclusions, which are incor por ated
in the crystal. These deformations give rise to local strain fields, which induce confinement
potentials for the excitons. This mechanism lights the way for the controlled positioning of single-

photon emittersin GaSe on the nanoscale.

Keywords: Single-photon source, layered semiconductor, transition metal monochalcogenide, GaSe,

biexciton, strain



Since the discovery of graphene, two-dimensional materials have gained widespréimh ftteause
of their extraordinary physical properties. Transition metal dichalcogenides (§MBGch as MoS
WS,, MoSe, WSe, and MoTe represent a unique class of semiconductors, because of their transition
from an indirect to a direct band gap material when thinned down to a monjdla§kmRecently, single-
photon emitters [4], have been found in monolayers of tungsten diselenide) (8/9¢ This discovery
has stimulated the search for single-photon sources in other 2D materials-p&itgle emitters have
been identified in Wg[10], and narrow emission lines of localized centers have been found in, MoSe
[11]. A different class of single-photon emitters has been detected in hexagonahitridenhBN) [12]
They have been associated with defects in the host crystal, similar to aunsde diamond [13]. In
general, the localization of excitons in semiconductors can be achieved by confiningp theamtum
dots [14], by binding them to impurities [15], or by strain-induced potem&ipkt[16-20]. However, in
contrast to conventional semiconductors such as Silicon or GaAs, the extraordinary mepharectes
of 2D materials allow for applying strain of a few percent and strong nanoscale bending. Indeed, the
origin of the quantum emission in atomically thin W3es been related to strain-induced local
confinement potentials, which trap free excitons [5,21,22]. Here, we report on theedjsobwsingle-
photon emitters in GaSe. We find that the emitters occur due to local deformatibies@dSe crystal
which are caused by nanoscale Se clusters. The strain induced in the GaSe cdsttéd leaal

confinement potentials, which trap excitons.

Bulk Gallium selenide is a well-known material for non-linear optics, sint@asta high nonlinear
coefficient and damage threshold [23]. Efficient second-harmonic [24] and THatendR5] has been
demonstrated. Few-layer or atomically thin GaSe is promising for eleptital devices, such as
transistors [26] and photodetectors [27]. Gallium selenide belongs teootne of Gallium chalcogenides,
which crystallize in a layered structure with strong covalent (pawtiic) intra-layer bonds and weak,
predominant van der Waals integer bonding. A “monolayer” of GaSe consists of four atomic layers

with two layers of Ga atoms enclosed by two layers of chalcogen aton&x(Sa-Se). Our GaSe single



crystals are grown by high pressure vertical zone melting in graphite crucibdgsatmosphere [28]
GaSe crystals with a thickness of a few tens of nanometers and lateral extensions lof tgpEaf
micrometers are fabricated by mechanical exfoliation on a @@ nm)/Si substrate. Subsequently, a
SizN,4 layer of 10 nm is deposited by plasma-enhanced chemical vapor deposition orhgarhple to

protect the GaSe flakes from ambient oxygen and water [29].

GasSe crystals on Sifsi substrate are identified with optical reflection and atomic forceostopy
(figure 1(a) and (b)). The photoluminescence (PL) emission is measured with a homebatihldaser
scanning microscope at cryogenic (T = 10 K) and at room temperature [5]. Intgyeste find various
locations on the GaSe crystal with a strongly increased PL emission (figyrant{dd)), while the
surrounding flake area exhibits only very weak emission. The laterabkiteese localized emission
centers is governed by the spatial resolution of the experimental setamandts to 490 nm full width
at half maximum (FWHM). The observed light emission is stable aed miat show any blinking or
spectral wanderindt exhibits either a single prominent line or a double peak in the range 1.7 -. 20 eV
spectrum of one emission center with a double peak structure recorded at lovaterapsrdisplayed in
figure 1(e) (red curve). The two prominent emission lines are centete88&it and 1.874 eVAE = 7
meV) with a full width at half maximum (FWHM) line width of 3.7 meV a@n@ meV, respectively. The
relative amplitude of the two maxima depends on the excitation power. At low excipativer only the
energetically higher emission is visible, while with increasing power the otteebrightens faster (see
discussion below). The energetic separation of the two lines varies from wentarter AE = 2.6 -8
meV), and for a significant number of emitters only one line is visible (see Siagpaformation, figure
Sl and S2). In addition, a weak emission at 2.03 eV is discernible. We assigmehis the bound
exciton. The free exciton in GaSe has been reported previously at higher energy §230,3. Free
excitons can bind to structural defects or impurities, so that at low tempsrah@ emission is

suppressed in favor of the bound excitons-B3.



Remarkably, most of the bright emission centers are still observatderattemperature (T = 295 K).
For the emitter shown in figure 1(e), the PL maximum shifts down to 1.74 eV and bréad®@meV
(figure 1(e), black curve). The PL of other emitters are centerecebertd.70 and 1.82 eV and have a
similar line width (see Supporting Information, figure S3). At room tempexatioe signature of the free
or bound exciton of bulk GaSe around 2 eV is very weak and only visible at a higti@xgower

(60 KW/cnr).

To gain further insight into the properties of the two emission maximasioigée emission center we
perform power-dependent PL measurements (figure 2(a)). As mentioned before, at latioexpowers
of several tens of W/chtypically only one emission line is visiblé/e believe that the emission stems
from a localized exciton (LX). With increasing excitation power, a second lin&)gpears on the low
energy side for some emitters. The new line rises faster with excitatiar pompared to the initial one
(figure 2(b)). Interestingly, the intensity | of the LX line has a sub-lipeaver dependence according to
I~P%®. This behavior is similar to the bound exciton (X) at 2.03 eV, which has a sl6pg @ifyure 2(b))
This sub-linear increase has been reported previously for bound excitons didintamsional
semiconductors [35] and GaSe [36] as well as for multiple quantum wells [37], while free excitibits exh
a linear increase with the power. The low energy emission LXX at 1.957 eV dasrgaadratically
compared to the localized exciton Lk~P13 ~ (P%%)?), which is typical for biexcitons [38]. Therefore,

we believe that the second line LXX represents the biexciton transition of the localisstberoenter.

In order to investigate the nature of the localized emitters we metimughoton statistics using a
Hanbury Brown and Twiss setup (HBT). A grating spectrometer blocks the PL dmcepte energy
range of the narrow band exciton emission (LX) at 1.881 + 0.002 eV (high energy line in figurelige)). T
second-order correlation functiofPfr) is shown in figure 3(a). The deep minimum at zero time delay
g?(x=0) = 0.33 proves that the localized light source is a single-photon source. Thenesef tihe
second-order correlation functioff'¢r) is determined by the excitation rate and luminescence decay time

and amounts to 7 ns for this emitter. Time-resolved PL measurements of otiterseyreld decay times



between 5 and 22 ns (see Supporting Information, figure S3). Interestingly, we fiethitiats without
a second emission line appearing at higher excitation power exhibit no or only a sinaidmng dip

(¢?(t=0) is significantly larger than 0.5), which are therefore not single-photon emitters.

To prove that for an emission center with a double peak structure the two artirsssooriginate from
the same emitter a cross-correlation measurement is performee @(@)). The signal of the high and
the low energy line (LX and LXX) is dispersed in a spectrometer anddréoteeparate single-photon
counters. The counter detecting the LXX emission triggers the start of thendéasurement, while the
counter for LX stops it. Positive times correspond to an event where first a LXX¥nplsotetected,
followed by the detection of a LX photon. The strong bunching signal for small posities indicates
the presence of the biexciton. After the decay of the biexciton there is ancedhprobability of the
decay of the exciton (biexciton-exciton cascade [39]). Therefore, the two enliggisrat 1.965 and
1.957 eV in figure 2 are due to the localized exciton and biexciton, respectivythe binding energy
of the biexciton given by the energy difference between the two emission tirgenéral, the wider the
potential well, the lower is the binding energy of the biexciton [40]hdf potential is too wide, the
exciton and the biexciton cannot be spectrally resolved, in case the biexcitargl@nergy is smaller
than the line width. This seems to be the case for the majority @htission centers, where only one
emission line appears even at higher excitation powers. Consequently, thedsoagenitters which
exhibit no antibunching. In contrast, all emission centers proven to be singbs@umirces exhibia
separate biexciton line at higher powers and therefore should reside in narrteverapovells. The
spatial extent of the confinement potential can be estimated using a siogeéfor the binding energy

2.2
of an biexciton in a spherical potential well [41]. The binding energy is gseAE = % + AE ik,

where M is the translational mass of the exciton given by the sum of the effieetsges of electron
(0.23my) and hole 0.4 my) [42] and R is the effective radius of the potential walt,,,;, is the

biexciton binding energy in bulk GaSe, which has been reported to be ~2 meV jé3mdasured



biexciton binding energies between 2.6 and 8 meV yield an effective radius betwes 22 nm,

corresponding to a diameter (width) of the potential well of 44 and 14 nm, respectively.

At room temperature, the photoluminescence of some localized centiltsvisilsle (Fig. 1c and 1e).
However, we do not observe significant antibunching due to an increased backgrounthdrom
surroundings of the emitter and a substantial overlap of biexciton and exciton lings doer

broadening.

We now turn to the origin of the single-photon emitters. By comparing the digiigsion in the
photoluminescence maps (figure 4(a)) with the topography of the sample obtainedatoynanforce
microscope (AFM) measurement (figure 4(b)) of the GaSe flake, we find that thiedddayht sources
are located at position of small elevated islands on the GaSe crystal. Theypiealddteral extensions
of 200 - 400 nm and heights of 3 - 10 nm. The islands have a smooth AFM line prgbigngra
bulging of the GaSe surface (figure 4(c)) caused by a nanoobject underneatis. iffhdentrast to the
small GaSe piece on top of the large flake (bottom left in Fig. 4b), which hasmesige given by the
spatial resolution of the AFM. It has been shown, that GaSe crystals may contailuSeriaavith sizes
of 60 to 300 nm [44], which could lead to a locally modified and strained latticproh@ that these
inclusions are also present in our sample, the,Siapping layer is mechanically removed by scratching
with a stainless-steel tweezer on a different part of the saWiglvestigate this region with a scanning
electron microscope (SEM) equipped with an energy-dispersive X-ray spectro&doly detector.
Indeed, we find small nanoparticles with diameters of up to 300 nm. At positiba pétticles we detect
a significantly enhanced EDX signal from Selenium atoms as compared to the Ga&k (spgst
Supporting Information, figure S5), indicating that these nanoobjects are selenist@rscl The Se
clusters are most probably formed during crystal ¢noy45]. Once they appear, they force the
surrounding layers of GaSe to bend, which le@mdslands with a smooth profile on top of the GaSe
crystal as illustrated in figure(d). In a simple model, we approximate the bending of the consecutive

GaSe layers around a small Se cluster with a Gaussian. The profile of the topmosayéaSmsely



resembles the measured AFM profile of the island in figure 4(c). The abtbhe GaSe layers in figure

4(d) indicates the induced bending strajrwhich is calculated by = %, where h is the thickness of a

(1+y'(x)2)3/2

) is the bending radius of the a single layer with the

single GaSe layer (0.8 nm) aid=

height profile y(x). GaSe layers close to the Se cluster experience strong bentieghanoscale, while
more distant layers undergo a weaker bending. In this way, a strain-inducecetbgaiential well is
formed near the Se cluster. In our simple model, the width of the potential well has an appreixenaite
the radius of the Se cluster, which is a few nm (roughly the height of the islands) and is on thetlbeder of
Bohr radius of excitons in GaSe [44]. This spatial extent agrees well witbghk of the model for the

biexciton binding energy presented above.

We not only find sharp emission lines at the small islands, but also when two di@a®eatflakes are
lying on top of each other. At the intersection, where the upper flake is berd thes underlying one,
narrow emission lines appear. Importantly, the single-photon emitters do not ocets, palticles are
lying on top the GaSe surface (with sharp edges in the AFM line scan). Thus, theregesgers only

occur when the GaSe flake is bent.

Further indication for the role of strain in the creation of singlegghamitters is found with
photoluminescence excitation spectroscopy (PLE). The PLE spectrum of the emitter eflfiguiis
presented in figure 5. It exhibits a broad maximum centered at 2.09 eV before it drops to a local minimum
at 2.10 eV. The PLE spectrum resembles the absorption spectrum of the free excittrGaSmi[44]
providing evidence that the single-photon emitter is excited via the free extitefPLE spectrum is
similar for all localized emission centers, although at the same timBLtlemission of the individual
emitters varies in a wide spectral range (1.7 - 2.0 eV). A closer look btdhe PLE maximum at 2.09
eV reveals that it is split into two resonances with a separation of 8 me\oitearemitters, the PLE
maximum at the excitonic transition is split by up to 20 meV. The center dbtii#e peak remains at a

constant energy while both absorption lines are shifted symmetrically (see Supjmdaingation, figure



S6). Recently, it was demonstrated that a splitting of the excitonic absorptitie caused by hydrogen
intercalation of GaSe. The intercalation deforms the lattice leadingjtas-two-dimensional localized
excitonic state and a splitting in the absorption spectrum [44]. Thereforepltbégvation is another
indication that the deformation of the GaSe lattice plays an importarfordlee formation of the single-
photon emitters. However, for our GaSe multilayers we cannot exclude that detbetsrystal lattice or

impurities are also involved in the formation of the single-photon emitters.

In summary, we have found single-photon emitters in GaSe, which are &kntifth photon
correlation measurements. The observation of the exciton-biexciton cascade tieeskermmitters also
interesting candidates for entangled photon sources [46]. Atomic force mimeosed energy-dispersive
X-ray spectroscopy measurements indicate that the localization of the excitelaseidto deformations
of the GaSe crystal, caused by incorporated nanoscale Selenium clusters. Thesdefattinations
create local strain fields which induce confinement potentials for the exciRmser-dependent
photoluminescence measurements show that only single-photon emitters exhibit a sepani&ta bhe
in the spectrum. This observation indicates that the spatial extensionpaftéimtial wells created by the
Se clusters is critical for the formation of the single-photon sourcestrlireiaduced creation of single-
photon emitters provides a route towards the controlled positioning of the dmurces on the

nanoscale [22].
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Figure 1. (a) Optical reflection and (b) atomic force micrograph of a 36 nm B&Re crystal covered
with 10 nm SiN,. (c,d) The photoluminescence images show several diffraction-limited locatyd |
sources in the GaSe crystal, recorded at a temperature of (¢) T = 295 K and {d) K. (e) Typical

photoluminescence spectra of the emitters at a temperature of T = 295 K and 10 K.
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Figure 2. Power-dependent photoluminescence (PL) measurement. (a) PL spectra of a singleviémitter
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second emitter. (b) Integrated intensity of X, LX, and LXX depending on the éxtitadwer. In the

double-logarithmic plot the slope of the LXX line is twice the slope of the LX line.
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Figure 3. (a) Photon statistics measurement of the localized light sourceuof fige), measured in the
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a single-photon source. (b) Cross-correlation measurement of LX and LXX from tleeesimiier shown

in figure 2.
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Supporting I nformation.

Photoluminescencd’() measurementsf other emission centers from T8 K to 295 K, time-resolved

PL measurements, PLE measurements, EDX measurement data.

Acknowledgments

S.S. and A.T. gratefully acknowledge financial support from FP7 ITN S3NANO and EPSR
grant EP/M012727/1. D.N.B. and N.N.K. acknowledge support by DPS RAS project 11.5-Shae t
Hartmut Bracht and Gerhard Wilde for granting access to the atomic force rojpecaed the scanning

electron microscope.

References

[1] Mak K F, Lee C, Hone J, Shan J and Heinz T F 2010 Atomically thin MoS,: A new direct-gap
semiconductor Phys. Rev. Lett. 105 136805

[2] Splendiani A, Sun L, Zhang Y, Li T, Kim J, Chim C-Y, Galli G and Wang F 2010 Emerging
photoluminescence in monolayer MoS2. Nano Lett. 10 1271-5

[3] Bhimanapati G R, Lin Z, Meunier V, Jung Y, Cha J, Das S, Xiao D, Son Y, Strano M S, Cooper VR,
Liang L, Louie S G, Ringe E, Zhou W, Kim S S, Naik R R, Sumpter B G, Terrones H, Xia F, Wang Y,
Zhu J, Akinwande D, Alem N, Schuller J A, Schaak R E, Terrones M and Robinson J A 2015 Recent
Advances in Two-Dimensional Materials beyond Graphene ACS Nano 9 11509-39

(4] Yamamoto Y, Santori C, Solomon G, Vuckovic J, Fattal D, Waks E and Diamanti E 2005 Single
photons for quantum information processing Prog. Informatics 1 5-37

[5] Tonndorf P, Schmidt R, Schneider R, Kern J, Buscema M, Steele G A, Castellanos-Gomez A, van
der Zant H S J, Michaelis de Vasconcellos S and Bratschitsch R 2015 Single-photon emission from
localized excitons in an atomically thin semiconductor Optica 2 347

[6] Srivastava A, Sidler M, Allain A V., Lembke D S, Kis A and Imamoglu A 2015 Optically active
guantum dots in monolayer WSe, Nat. Nanotechnol. 10 491-6

[7] Koperski M, Nogajewski K, Arora A, Cherkez V, Mallet P, Veuillen J-Y, Marcus J, Kossacki P and
Potemski M 2015 Single photon emitters in exfoliated WSe, structures Nat. Nanotechnol. 10
503-6

[8] He Y, Clark G, Schaibley J R, He Y, Chen M-C, Wei Y-J, Ding X, Zhang Q, Yao W, Xu X, Lu C-Y and

14



(9]

(10]

(11]

(12]

[13]

(14]

[15]

[16]

(17]

(18]

(19]

(20]

(21]

(22]

Pan J-W 2015 Single quantum emitters in monolayer semiconductors Nat. Nanotechnol. 10 497—-
502

Chakraborty C, Kinnischtzke L, Goodfellow K M, Beams R and Vamivakas A N 2015 Voltage-
controlled quantum light from an atomically thin semiconductor Nat. Nanotechnol. 10 507-11

Berraquero C P, Barbone M, Kara D M, Chen X, Goykhman I, Yoon D, Ott A K, Beitner J,
Watanabe K, Taniguchi T, Ferrari A C and Atatlire M 2016 Atomically thin quantum light emitting
diodes arXiv:1603.08795

Branny A, Wang G, Kumar S, Robert C, Lassagne B, Marie X, Gerardot B D and Urbaszek B 2016
Discrete quantum dot like emitters in monolayer MoSe,: Spatial mapping, Magneto-optics and
Charge tuning Appl. Phys. Lett. 108 142101

Tran T T, Bray K, Ford M J, Toth M and Aharonovich |1 2015 Quantum emission from hexagonal
boron nitride monolayers Nat. Nanotechnol. 11 37-41

Beveratos A, Brouri R, Gacoin T, Villing A, Poizat J-P and Grangier P 2002 Single Photon Quantum
Cryptography Phys. Rev. Lett. 89 187901

Michler P 2009 Single Semiconductor Quantum Dots

Strauf S, Michler P, Klude M, Hommel D, Bacher G and Forchel A 2002 Quantum optical studies
on individual acceptor bound excitons in a semiconductor. Phys. Rev. Lett. 89 177403

Gourley P L and Wolfe J P 1981 Properties of the electron-hole liquid in Si: Zero stress to the
high-stress limit Phys. Rev. B 24 5970-98

Negoita V, Snoke D W and Eberl K 1999 Harmonic-potential traps for indirect excitons in coupled
quantum wells Phys. Rev. B 60 2661-9

Trauernicht D P, Wolfe J P and Mysyrowicz A 1986 Thermodynamics of strain-confined
paraexcitons in Cu20 Phys. Rev. B 34 2561-75

Kash K, Worlock J M, Sturge M D, Grabbe P, Harbison J P, Scherer A and Lin P S D 1988 Strain-
induced lateral confinement of excitons in GaAs-AlGaAs quantum well microstructures Appl.
Phys. Lett. 53 782

Ikezawa M, Nair S V., Ren H W, Masumoto Y and Ruda H 2006 Biexciton binding energy in
parabolic GaAs quantum dots Phys. Rev. B - Condens. Matter Mater. Phys. 73 1-5

Kumar S, Kaczmarczyk A and Gerardot B D 2015 Strain-Induced Spatial and Spectral Isolation of
Quantum Emitters in Mono- and Bilayer WSe2 Nano Lett. 15 756773

Kern J, Niehues |, Tonndorf P, Schmidt R, Wigger D, Schneider R, Stiehm T, Michaelis de
Vasconcellos S, Reiter D E, Kuhn T, Bratschitsch R, Kern, Niehues, Tonndorf, Schmidt, Wigger,
Schneider, Stiehm, Vasconcellos M de, Reiter, Kuhn and Bratschitsch 2016 Nanoscale Positioning

1t



(23]

[24]

[25]

(26]

[27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

of Single-Photon Emitters in Atomically Thin WSe 2 Adv. Mater. 28 7101-5

Vodopyanov K L, Voevodin V G and Schunemann P G 1999 Two-photon absorption in GaSe and
CdGeAs2 Conf. Lasers Electro-Optics 477-8

Hirlimann C, Morhange J-F and Chevy A 1989 Excitonic resonant second harmonic in GaSe Solid
State Commun. 69 1019-22

Hohenleutner M, Langer F, Schubert O, Knorr M, Huttner U, Koch S W, Kira M and Huber R 2015
Real-time observation of interfering crystal electrons in high-harmonic generation. Nature 523
572-5

Late D J, Liu B, Luo J, Yan A, Matte HS S R, Grayson M, Rao C N R and Dravid V P 2012 GaS and
GaSe ultrathin layer transistors Adv. Mater. 24 3549-54

Lei S, Ge L, Liu Z, Najmaei S, Shi G, You G, Lou J, Vajtai R and Ajayan P M 2013 Synthesis and
photoresponse of Large GaSe Atomic Layers Nano Lett. 13 2777-81

Kolesnikov N N, Borisenko E B, Borisenko D N and Gartman V K 2007 Influence of growth
conditions on microstructure and properties of GaSe crystals J. Cryst. Growth 300 294—-8

Pozo-Zamudio O Del, Schwarz S, Sich M, Akimov | A, Bayer M, Schofield R C, Chekhovich E A,
Robinson B J, Kay N D, Kolosov O V, A | Dmitriev, Lashkarev G V, Borisenko D N, Kolesnikov N N
and Tartakovskii A 1 2015 Photoluminescence of two-dimensional GaTe and GaSe films 2D Mater.
2 35010

Gnatenko Y P, Kovalyuk Z D, Skubenko P A and Zhirko Y | 1983 Emission of free and bound
excitons in layered gase crystals Phys. Status Solidi 117 283-7

Matsumura T, Sudo M, Tatsuyama C and Ichimura S 1977 Photoluminescence in GaSe Phys.
Status Solidi 43 685-93

Capozzi V 1981 Direct and indirect excitonic emission in GaSe Phys. Rev. B 23 836—40

Capozzi V and Montagna M 1989 Optical spectroscopy of extrinsic recombinations in gallium
selenide Phys. Rev. B 40 3182-90

Wei C, Chen X, Li D, Su H and Dai J-F 2016 Bound exciton and free exciton states in GaSe thin slab
arXiv:1603.01796v1

Tongay S, Suh J, Ataca C, Fan W, Luce A, Kang J S, Liu J, Ko C, Raghunathanan R, Zhou J, Ogletree
F, LiJ, Grossman J C and Wu J 2013 Defects activated photoluminescence in two-dimensional
semiconductors: interplay between bound, charged, and free excitons Sci. Rep. 3 2657

Schwarz S, Dufferwiel S, Walker P M, Withers F, Trichet A A P, Sich M, Li F, Chekhovich E A,
Borisenko D N, Kolesnikov N N, Novoselov K S, Skolnick M S, Smith J M, Krizhanovskii D N and
Tartakovskii A | 2014 Two-dimensional metal-chalcogenide films in tunable optical microcavities

16



(37]

(38]

(39]

(40]

[41]

[42]

(43]

[44]

[45]

[46]

Nano Lett. 14 7003-8

He C, Qin Z, Xu F, Hou M, Zhang S and Zhang L 2015 Free and bound excitonic effects in
Al sGag sN/Aly35Gag sN MQWSs with different Si-doping levels in the well layers Sci. Rep. 1-7

Kim J C, Wake D R and Wolfe J P 1994 Thermodynamics of biexcitons in a GaAs quantum well
Phys. Rev. B 50 15099-107

Moreau E, Robert |, Manin L, Thierry-Mieg V, Gérard J M and Abram | 2001 Quantum Cascade of
Photons in Semiconductor Quantum Dots Phys. Rev. Lett. 87 183601

Masumoto Y, Okamoto S and Katayanagi S 1994 Biexciton binding energy in CuCl quantum dots
Phys. Rev. B 50 658—61

Kayanuma Y 1988 Quantum-size effects of interacting electrons and holes in semiconductor
microcrystals with spherical shape Phys. Rev. B 38 9797-805

Cingolani R, Ferrara M and Lugara M 1988 Optical Gain Spectra of High Density Electron-Hole
Plasma in GaSe and InSe Phys. Scr. 583 583—6

Dey P, Paul J, Moody G, Stevens C E, Glikin N, Kovalyuk Z D, Kudrynskyi Z R, Romero A H,
Cantarero A, Hilton D J and Karaiskaj D 2015 Biexciton formation and exciton coherent coupling
in layered GaSe J. Chem. Phys. 142

Zhirko Y, Trachevsky V and Kovalyuk Z 2012 On the Possibility of Layered Crystals Application for
Solid State Hydrogen Storages - InSe and GaSe Crystals Hydrogen Storage (InTech) p 211

Chen K-T, George M A, Zhang Y, Burger A, Su C-H, Sha Y-G, Gillies D C and Lehoczky S L 1995
Selenium precipitation in ZnSe crystals grown by physical vapor transport J. Cryst. Growth 147
292-6

Benson O, Santori C, Pelton M and Yamamoto Y 2000 Regulated and Entangled Photons from a
Single Quantum Dot Phys. Rev. Lett. 84 2513—-6

17



Supporting Information

Single-photon emittersin GaSe

Philipp Tonndorf, Stefan SchwafzJohannes Kefnlris Niehued Osvaldo Del Pozo-Zamudio
Alexander |. Dmitrie¥, Anatoly P. BakhtinoV, Dmitry N. Borisenkd, Nikolai N. KolesnikoV,

Alexander |. TartakovsKij Steffen Michaelis de Vasconceltpand Rudolf Bratschits¢h

! Department of Physics and Center for Nanotechnology, University of Miinster, 48149 Miinster,

Germany
2 Department of Physics and Astronomy, University of Sheffield, Sheffield S3 7RH, United Kingdom
% |. M. Frantsevich Institute for Problems of Material Science, NASU, Kiev-142, Ukraine

* Institute of Solid State Physics, RAS, Chernogolovka, 142432 Russia

Wavelength (nm)

700 650 600

f A
il = .
= AN P
w
£ 400
|
o N A
g ~ M —
g 20 AN A ]
5] I\
= X e A

0 ) e 4

18 19 20
Energy (eV)

Figure S1. Photoluminescence spectra of different emission centei@n axcitation power of
60 Wi/cnt at a temperature of T = 10 K. Single emission lines as well as doubletsiate. Gome
spectra show more than two lines which might be due to more than one emissionnctrgdaser

focus. The emission lines occur in the range 1.290 eV.
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Figure S2. Biexciton binding energy versus biexciton emission energy. There is no cleglation
visible. However, we select only the brightest and well separated emitters, exhitdit a clear

biexciton emission. Furthermore, most emitters (about 80%) only show a single line.
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Figure S3. (a) Photoluminescence (PL) spectra for different emission centers at an expitatenof
60 kWicnf at T = 295 K. The inset shows the region of the bound exciton emission in GaSe.
(b) Temperature-dependeBL spectra of a single emitter. With rising temperature, the line shifts to

lower energies and broadens.
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Figure $4. Time-resolved photoluminescence of different emitters at T = 10 K.ifieeconstants of
the decay are in the range 5 - 22 ns. These values are in good agreement \gthtiimes of the

measured second-order correlation functiifwyof Fig. 3 in the main manuscript.
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Figure S5. Energy-dispersive X-ray (EDX) signal obtained from (a) the bare GaSeditakéb) the
Se clusters. The GaSe flake exhibits two lines (Ga and Se), whereby the more intensesofierstem
Ga. In contrast, at positions with nanoobjects on the GaSe flake, the Se sigmaficastly stronger
than that from Ga. This indicates that the cluster consists of Se. (c¢) Scarettignemicroscope

(SEM) image with Se cluster (grey circles) overlaid with the selenium signa¢ &R measurement

(purple).
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Figure S6. Photoluminescence excitation (PLE) spectra for two different emitterssatrK. The
splitting of the excitonic absorption is different, indicating a stronger defamafithe GaSe lattice
at emitter #1. This might be caused due to a lagganuster, which also leads to a (spatially) larger
potential well. This is in agreement with Fig. S5b), where the biexciton biediagyy for emitter #1
is found smaller than for emitter #2.The smaller biexciton binding energgnidter #1 indicates that

the potential well is also (spatially) wider.
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