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Abstract

Layered two-dimensional materials have emerged as promising platforms for compact
solid-state devices due to their easy formation of nanometer-thick heterostructures
and integration into various photonic circuits. Recently, single-photon emitters have
been identified in an insulating hexagonal boron nitride (hBN) and semiconducting
transition metal dichalcogenides (TMDs). In spite of the unique characteristics of
these emitters, they sulerl from large inhomogeneous distribution because of their
proximity to the surface and external environment, limiting practical applications and
identification of their origins. This thesis tackles the problem by applying external
strain to control the emission energy of quantum emitters in hBN. Photophysical
studies at cryogenic temperature show the coupling e [ciehcy of dilerknt phonon
modes to the quantum emitters in hBN, and a correlation between the local strain
and localized exciton energy in TMDs. In addition, a strain gradient applied by a
nanoscale tip modulates the local band structure of a suspended monolayer TMDs to
funnel excitons in arbitrary directions. The active control of quantum emitters and
excitons presented in the thesis opens up a new possibility for realizing large-scale
quantum and excitonic devices.

Thesis Supervisor: Dirk R. Englund
Title: Associate Professor of Electrical Engineering and Computer Science
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List of Figures

3-1 Single-photon emission of atom-like defects in hexagonal boron nitride
at room temperature: (a) Top image shows the normalized inten-
sity of emission for an isolated single-photon emitter in layered hBN.
The graph in the bottom shows clear antibunching at zero time delay
(9@ (0)<0.5). The red line indicates the fitting as discussed in 3.5.
(b) Schematic of the hBN crystal lattice composed of regular hexagons
with alternated atoms of N (blue) and B (orange). The dotted black
circle shows an atom-like defect with a N atom missing and an ad-
jacent B atom substituted by a N. Tensile strain along the armchair
(AC) and zigzag (ZZ2) directions produces a deformation of the crystal
with a change a of N-B bond length. Strain results in a shift of the
energy levels and allows to tune the emission energy. (c) Drawing of a
simplified energy level diagram showing the e [edt of strain. The emis-
sion energy can be strain-tuned of E from the initial zero phonon

line (ZPL) energy. . . . . . . . . e



3-2 Spectroscopy of exfoliated hBN treated with focused ion beam: (a) To-
pographic map of the ion-irradiated area measured with Atomic Force
Microscopy. The right panel shows the relative thickness integrated
over a vertical area indicated with dashed black lines. The irradiated
area presents a swelling of 1.2 nm with impurities accumulation of

7 nm at the edges. (b) Confocal PL intensity map of the treated
hBN flake in saturated and normalized color scale. The dark region
shows a reduction of the background fluorescence with respect to the
not irradiated area. The blue arrow indicates the emitter used for
the photophysical studies. Emitters are also found outside the region
(white dashed arrow). A vertical profile of the PL intensity (vertical
white dashed lines) is illustrated in the right panel and it shows the
increased visibility of the emitter inside the irradiated area due to the
reduction of background emission. Two blue squares indicate the areas
where Raman spectra are measured. (¢) Raman spectra of the irradi-
ated (blue line) and pristine region (black line). Both spectra are fitted
with multi-peak functions in order to extract the Raman peaks (red
lines). In the irradiated area the G- and D-bands appear on top of the
Raman peak associated to hBN. (d) Room-temperature spectrum of a
single-photon emitter inside the irradiated area (blue arrow in Figure
3-2D). L
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3-3

3-5

E [edts of irradiation with di[erknt ion dose: (a) Images show the PL
intensity map of a hBN flake before the treatment (I), after the He ion
irradiation (11) and after the annealing (I11). Three areas are irradiated
with dilerent dose: Region A with 8 10" ions/cm?; Region B with
5 10" ions/cm?; Region C with 10" ions/cm?. The maximum of the
color scale is increased in panel Il to highlight the diLlerent intensity
between region A and B. (b) Zoom of region B and C. Region B shows
several SPEs within the irradiated area. (c) Microscope image of the
same flake taken with 40X magnification after the complete treatment.
The e[edt of the irradiation with dose 5 10" ions/cm? is visible due
to darkening of the flake color. (d) Ratio of the PL intensity outside
and inside the irradiated areas as a function of the ion dose. Intensity

counts are integrated over areas of 25m 2. . ... ... .......

E [edts of ion irradiation on a 70nm-thick hBN flake: (a) Topographic
map of the implanted region measured with AFM. (b) PL intensity
map of the implanted region showing the reduction of the background
intensity and several SPEs. (c) Relative thickness calculated by inte-
grating a vertical area of 5 m width of the topographic map in (a).
(d) Example of second-order correlation function (g ( )) with CW
excitation of the emitter inside the irradiated area highlighted with a

yellow circle. . . . . . . . . .

E [edts of ion irradiation on a 20nm-thick hBN flake: (a) Topographic
map of the implanted region measured with AFM. (b) PL intensity
map of the implanted region showing the reduction of the background
intensity and several SPEs. (c) Relative thickness calculated by inte-
grating an horizontal area of 5 m width of image (a). (d) Example of
second-order correlation function (g ( )) with CW excitation of the

emitter inside the irradiated area highlighted with a yellow circle.
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3-6

3-7

3-8

Photophysics of single-photon emitters: (a) Autocorrelation histogram
with pulsed excitation of 300 ps and 20 MHz repetition rate of the
emitter inside the irradiated region, highlighted with the blue arrow
in 3-2b. Fitting yields an emission purity of g (0)=0.077. (b) For
comparison the autocorrelation function of an emitter outside the ir-
radiated region but with similar spectrum is measured in the same
experimental conditions. The single-photon purity is drastically de-
graded to g (0)=0.263 due to the background emission. The inset
shows the spectrum of the emitter outside the irradiated region and
the gray area indicates the experimental background PL. (c) Measured
emission rate (black dots) and emission rate corrected for unperfected
9@ (0) (blue dots) as a function of the excitation power. The dashed
red lines are the result of the fitting function. Open circles show the
autocorrelation function at zero time delay g@ (0) for CW excitation
as a function of excitation power. The light blue area indicates the
emission rates with antibunching (g®®(0)<0.5). (d) The histogram
shows the spectral distribution of the ZPL emission for approximately

90 emitters with a bin sizeof 10 meV. . . . . . . . . . . .. ... ..

Emission rate as function of pump power. The plot shows the same
saturation curve of Figure 3-6. The emission from the background,
shown in black triangles, exhibits a linear increase as a function of the
excitation power. The legend reports the results of the fitting curves

shown with red dashed lines. . . . . . ... . . ... ... ......

Lifetime measurement. Normalized single-photon emission as a func-

tion of time. A single exponential fitting yields a lifetime of 2.4 ns.
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3-9

3-10

3-11

Confocal photoluminescence setup. In the excitation path, continu-
ous wave (CW) or pulsed laser is focused on the sample after passing
through the image relay system. A galvanometer mirror system is
placed at the focal plane of the first lens in a 4f configuration. Dilert
ent angles of the beam after the galvanometer mirrors result in di [erknt
spatial position on the sample surface. In the detection path the flu-
orescence photons are routed through a polarizer beam splitter (PBS)
towards the APDs or the spectrometer. Second-order autocorrelation
function (g® ( ))is measured by a Hanbury Brown and Twiss (HBT)
interferometry setup when the fluorescence goes into two separated
APDs. White light is used to image the sample and locate the hBN
flake on the SiO, surface. Legend: CW: Continuous wave, NDF: Neu-
tral density filter, PBS: Polarization beam splitter, LPF: Long pass
filter, HWP: Half wave plate. . . . . . .. ... ... .........

Increased purity of single-photon emission. (a) The image shows the
PL intensity map of a hBN flakes irradiated He ions with a dose of 10'°
ions/cm? in an area of 10 10 m 2. Several point defects are visible
inside this area, mainly in coincidence with cracks of the flake. Two
quantum emitters are taken into account and are highlighted with a
green (inside FIB area) and a blue (outside FIB area) arrow. (b)
Autocorrelation histogram recorded with CW excitation for the two
emitters pointed in (a). (c,d) Emission spectra of the emitter inside
(c) and outside (d) the irradiated area. The background spectrum is

measured just next to the emitter and is shown with dashed lines.

Low resolution Raman spectrum. The plot shows the Raman spectra
with low resolution grating (100 lines/mm) for pristine (black line)
and irradiated (blue line) hBN. A Raman peak around 1000 cm 1! is

observed in both cases and is associated to the SiO, substrate.
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3-12

3-13

3-14

3-15

Temperature comparison. The plot shows the spectra of a single-
photon emitter at room temperature (black line and left axis) and
at T =10 K (red line and right axis). . . . ... ... ........

Second-order correlation functions as a function of pump power. The
plot shows the autocorrelation functions measured with CW excitation
from which the values of g (0) of Figure 3-6 are extracted. The pump
power goes up to 600 W. For the sake of visibility the graphs are shown
with an increasing o [sekt of the y axis of 0.5. At higher pump powers
the autocorrelation functions exhibit the typical shape of a three level
single-photon emitter due to the presence of a long living metastable

state. . . .. L

SPEs before and after the transfer process: (a,b) Microscope images
of the hBN flakes before and after the transfer process onto the PC
substrate. Almost all flakes are successfully transferred. Scale bar is
50 m. (c,d) PL maps of the sample before and after the transfer
process. Scale bar is 1 m. Almost all the point defects remain after
the transfer. (e,f) Example spectrum of the SPE highlighted with the
dotted circle in ¢ and d, before and after the transfer process. The
small peaks around 2 eV in f are originated from Raman vibrations of
the PMMA film covering the hBN sample. . . . . . ... . ... ...

Schematic of the strain experiment setup: The PC substrate is clamped
tightly at one side and the other side is pushed downwards or pulled
upwards to impress tensile or compressive strain, respectively. The
amount of strain applied on the flakes can be calculated using Euler-
Bernoulli beam equation, which depends on all the relevant quantities

indicated in the figure. . . . . . . .. ... ...
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3-16

3-17

Strain tuning of single-photon emission: (a) Experimental scheme used
to apply strain to hBN flakes sitting onto a bendable polycarbonate
(PC) beam clamped at one edge. The colors show the simulated strain
intensity along the length (top panel) and along the width (bottom
panel) of the beam when a vertical force is applied to the free edge.
hBN samples are transferred at a distance d from the clamp and con-
trollable strain is applied when the PC beam is displaced by from
its rest position at a distance L from the clamp (red arrows). (b) The
plot shows the scaled energy shift as a function of applied strain to the
bendable substrate for three emitters with dilerent tunability of -3.1
meV/% (green), +3.3 meV/% (yellow) and +6 meV/% (red). Inset
shows a sketch of a quadratic energy shift E for the single-photon
emission induced by intrinsic strain. Dilerknt tunability is due to the
di Lerent initial strain conditions at which the emitters are found at the
beginning of the experiments, as indicated by matching colored arrows
and dashed vertical lines. (c) Spectra of the emitters with tunability
-3.1 meV/% and 6 meV/% for compressive (blue curve), tensile (red
curve) and no strain (black curve). The values of the strain intensity
are the following. Left panel: -0.4%, 0%, +0.4%. Right panel: -0.6%,
0%, +0.6%. (d) Probability that two of total n emitters can be spec-
trally overlapped as a function of increasing number of total emitters
in the system considering a maximum tuning of 6 meV and a ZPL spec-
tral distribution of 300 meV. Shadow area shows that this probability
is higher than 90% when at least 15 emitters with random ZPL energy

are found in the system. . . . .. ... ... . ... .. .. .. ...

Spectral emission at di[erent strain conditions: (a) Emission spectra
of a single-photon emitter for compressive (blue line), tensile (red line)
and no strain (black line). (b) Black dots show the central peak emis-
sion for di Lerknt applied strain intensities. A linear fitting (dashed red
line) yields a tunability of 3.3 mev/% . . ... ... ... ......
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3-18 Simulated spectral distribution as a function of strain: The cartoon
in the inset shows the lattice directions in the plane of the hexagonal
lattice with respect to Ng V| defect. Four independent directions can
be identified: two along the zigzag direction, ZZ1 and ZZ2, and two
along the armchair direction, AC1 and AC2. The main plot is the
simulated optical response in the form of the imaginary part of the
dielectric function ( ,) as a function of strain applied in either zigzag
or armchair direction. The simulation takes into account the e [edt
of the high Poisson’s ratio of the PC substrate of 0.37 that induces a
compression (stretching) in the orthogonal direction with respect to the
direction where tensile (compressive) strain is applied. The black graph
shows the imaginary part of the dielectric function at zero strain. The
graphs in red (blue) tones correspond to tensile strain applied along the
AC2 (ZZ1) direction from 1% to 5%. In these conditions, the Poisson’s
ratio of the PC substrate results in a compression in the orthogonal

direction from -0.37% to -1.85%. . . . . . . . . . . .. .. ... ...

3-19 Simulated spectral emission as a function of applied strain: The plot
shows the simulated energy shift under strain applied along di [lerent
directions. ZZ1, AC1, ZZ2, and AC2 mean uniaxial strain on each di-
rection as labeled in inset of Figure 3-18. ZZ1-P and AC2-P show more
realistic cases where the Poisson’s ratio of the PC substrate is consid-
ered. In these cases compression along AC2 (ZZ1) is induced when
tensile strain is applied along ZZ1 (AC2). BIAXIAL is homogeneous
biaxial strain along ZZ1 and AC2. . . ... ... .. ... ......
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4-1

Photoluminescence excitation experiment: a - Diagram showing the
Huang-Rhys Model for light absorption and emission from the vibronic
states of hBN defects. Each electronic state can interact with the
phonon bath that modulates the emission energy. Transition with n
= n* correspond to the ZPL, while transitions with n 6 n* form the
phonon sidebands. b - Emission spectra of three exemplary emitters
(E1- EQJ). The red dashed line indicates the typical energy distribution
of the ZPL energy that, for this sample, is centered around 2.14 eV
with a 30 meV width. c, d - Photoluminescence maps of the same hBN
sample region excitated with laser at 2.13 eV (c) and 2.33 eV (d). The
two maps clearly show that the absorption of quantum emitters in hBN
depends on the excitation energy. Only a few emitters are visible in
(c) with energy of the ZPL in the range 1.89 - 1.97 eV. Many emitters
are visible in (d) with energy up to 2.17eV. . . ... ... ... ...

Absorption spectrum of quantum emitter E2 in hBN: a - PLE map ob-
tained by measuring the emission spectra at di [erknt excitation wave-
lengths in steps of 1 nm (4 meV). Spectra are normalized according
to the laser power at di[lerent wavelengths and intensity is plotted in
logarithmic color scale. Laser detuning (! i-! zp. ) is calculated by fit-
ting the center of the ZPL for each spectra. A clear increase in the
absorption occurs for detuning above 150 meV. b - Examples of emis-
sion spectra, plotted in logarithmic scale, for excitation above (blue
line) and below (red line) the detuning value of 150 meV, as indicated
by dashed lines in (a) ¢ - Room-temperature second-order autocorre-

lation function (black dots) and fitting function (red line). . . . . ..
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4-3

4-4

4-5

4-8

The plot shows the autocorrelation functions measured with CW ex-
citation. The pump power goes from 125 W to 1 mW. For the sake
of visibility, the graphs are shown with an increasing o[sek of the y
axis of 1. At higher pump powers the autocorrelation functions exhibit
the typical shape of a three-level system due to the presence of a long
living metastable state. The red line is the fitting function. The pump

power increases from the bottom to thetop. . . . .. ... ... ...

Measured emission rate (black dots) as a function of the excitation

power. The dashed line is the result of the fitting function. . . . . .
Examples of spectral wandering for six SPEs at cryogenic temperature.

Phonon resonances of emission and absorption spectra. a - The in-
tensity profiles of the ZPL extracted from PLE maps are plotted with
red dots as a function of the laser detuning ( Ep g ) for emitters E1
- E3. PLE spectra have a resolution of 4 meV and are plotted with
an olsek of 0.5 for the sake of clarity. Solid red lines are a guide for
the eye. These specific emitters have ZPL energies between 2.1 and
2.16 eV. The emission spectrum for one of these emitters is illustrated
with black line in logarithmic scale and mirrored with respect to the
ZPL energy (  Ep_). Other emission spectra are shown in Figure 4-1b
and Figure 4-8. Several resonances are visible and are associated with
the di Lerent phonon modes as highlighted with light green areas. The
approximate energy bands covered by LO and LA phonon modes are
defined by horizontal arrows. PLE spectra covering larger values of the

detuning are reported in Figure 4-7 of the Supplementary Material.

PLE spectra plotted with o [sek, covering large values of energy detun-

]

Emission spectra of five exemplary emitters. The red dashed line indi-
cates the typical energy distribution of the ZPL energy that is centered
around 2.14 eV with a 30 meV width. . . . .. ... ... ... ...
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4-9

4-10

Polarization-dependence of athe quantum emitters in hBN. (a) PL
spectra with dilerknt excitation laser polarizations. (b) Intensity of
ZPL emission as a function of detuning with power-controlled exci-
tation (red dots), and polarization angles of the excitation laser that
maxime emission intensity (blue dots). Dots are experimental data,

lines are guides for theeye. . . . . . .. ... .. ... ... .. ...

First-principles calculations of defect-phonon coupling: a-d: Calcu-
lated partial Huang-Rhys factor Sy (blue dots and lines) for phonon
mode k) along with the predicted spectra (black lines) relative to
the zero phonon line calculated for CgVy and NgVy defects mod-
eled in multilayer hBN. We consider transitions in CgVy involving
a ground state spin singlet (a) and triplet (b), along with the spin-
majority (c) and spin-minority (d) transitions involving the defect
Ng Vn. The phonon mode displacement vectors for relevant strongly-
coupling phonon modes are also visualized for regions near the de-
fect. The transitions in (a), (b) and (d) each show similar mode-
coupling profiles, notably strong coupling to two particular phonon
modes around 30 and 50 meV. Additional phonon coupling is found
in all three transitions for phonon modes between 100 and 150 meV,
which may be relevant for the large coupling seen here experimen-
tally. These transitions however diLer significantly in their e [ciehcy,
as described by the predicted luminescence lineshape, which is only
predicted to be e [cieht into the zero phonon line for 3CgVy. The
overall coupling profile is qualitatively dilerknt in the spin majority
transition for Ng Vy (panel ¢), where the coupling to phonons occurs

across the phonon energy spectrum. . . . . .. ... .. ... ....
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5-1

5-2

5-3

(a) Optical microscope image of the WSe, flake transferred onto the
SiO; substrate with protruded structures. The monolayer covers many
of the triangular- and square-shaped structures (the scale bar is 10

m). Inset shows the corner of the sharpest structure of 30-nm radius;
the scale bar is 100 nm. (b) Confocal laser reflection scan and (c)
photoluminescence map of the yellow-dashed region of (a) at 4 K (the
scale bar is 10 m). Overlaid white and black dashed lines in (b), (c)

represent the outlines of the structures. . . . ... ... .......

(a) Spectrally filtered PL map of 1647 0.2 meV shows the creation
of a bright emitter at the corner of the triangular structure, labeled as
E1l. White dashed lines indicate the edges of the structures, and BG
indicates a position without bright emitters. The scale baris1 m. (b)
PL spectra at the position of the emitter E1 (red) and background po-
sition BG (black). Both spectra show a broad and weak localized band,
while E1 shows a sharp peak on top of it. The single-photon nature of
E1 is confirmed by a second-order autocorrelation measurement (inset)
taken with spectral filters (red shaded region). (c) High-pass-filtered
PL map of the same spectral range as in (a). Background signals are
mostly gone inside the structure. The scale baris1 m. (d) High-pass-
filtered spectra at the positions of E1 (red) and BG (black) show that
the weak and broad localized bands are suppressed e [edtively. The
blue dashed line indicates a threshold value at each energy (thres(E)

=mean(E) + 7std(E)). . ... ... ... ...

SEM images at the corner of (a) triangular and (b) square shaped ge-
ometry show the radius of curvature of 29 nm and 31 nm, respectively.

The scale barsare 100 nm. . . . . . . . . . . . . ...

PL map of 1604 1 meV shows two more bright emitters at the corners

of rectangular-shaped structure. The scale baris1 m. .. .. ...
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5-5 (a) The location and color-coded emission energy of 108 localized emit-
ters (E g, left colorbar) which is overlaid onto the free-exciton peak
energy (Egg, right colorbar) map measured with high-power excita-
tion. The free-exciton peak energy redshifts as there is stronger tensile
strain. The map shows the average strain value on the top surface of
the structure is higher than that of outside due to the rougher surface,
consistent with AFM measurements as shown in Figure 5-6a. The scale
baris1 m. (b) The same color-coded dots overlaid onto spatial dis-
tribution map of the FWHM linewidth ( gg) of the free-exciton peak.
The linewidth broadens when the strain within the di [raction-limited
spot is strongly inhomogeneous, especially at the edges and corners of
the structures. The scale bar is 1 m. (c) The emission energy of lo-
calized emitters (E g ) versus the free-exciton energy (Erg) measured
at the same position. The confinement energy ( E = Efg E g ) can
be calculated for all the emitters. (c-e) Distinguishable group of deep-
confined emitters, mostly hosted at the folds, are plotted as green. (d)
Histogram of E between the free-exciton energy and the localized
emission shows the cuto [ehergy. (e) The emission energy of the local-
ized emitters (E_ g ) versus the FWHM of the free-exciton peak ( rg).
The negative correlation implies the large local strain distribution is

important to host deep-level emissions. . . . .. ... ... .....
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5-6

5-8

5-9

SEM and AFM measurements. (a) AFM image of the same region re-
veals detailed structure and roughness. Green dotted squares indicate
the region where the average surface roughness is measured, giving rise
to surface roughnesses (Ra) of 0.22 nm, 1.2 nm, and 0.53 nm for bare
SiO, surface, bare HSQ structure, and WSe, transferred onto the HSQ
structures, respectively. (b) SEM image of the region of interest with
overlaid red dots (Erg < 1.63 €V) indicating deep-confined emitters.
Most of the emitters are hosted near the corners of the structures or
where the wrinkle meets the edges of the structures. The scale bars

aAre 2 M. . . . e

Locations of emitters of di Lerknt energy overlaid on the confocal reflec-
tion map. (a) The blue dots represent weakly-confined emitters (E.ge
> 1.69 eV), and appear mostly in the region outside of the structure.
(b) Yellow dots are emitters of lower emission energy (1.67 eV > E g
> 1.64 eV), preferentially located within the top surface of the struc-
ture. (¢) The most deeply confined emissions are represented by red
dots (E.g < 1.63 eV), hosted mainly at the edges and the corners of

most HSQ structures of various shapes. The scale bars are 1 m.

SEM images of individual triangular shaped structures with di Cerknt
radius of curvatures at the corner: (a) 30 nm, (b) 100 nm, (c¢) 300 nm,
(d) 500 nm. The sharpest corners deterministically create single strong
wrinkle per corner while the number increases and the height becomes

lower as the radius of curvature increases. The scale bars are 1 m.

Measurements on the other region (R2). (a) The location of the local-
ized emitters whose emission energies (E_g ) are color-coded, overlaid
on top of PL map. (b) The energy (Ere) and (c) linewidth ( gg) of
the strain-modulated free-exciton at the high-power excitation. The

scalebarsarel m. . . . . . ...
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5-10 Relationship between free-exciton and localized emission in R2. (a)

6-2

6-3

6-4

The emission energy of localized emitters versus the free-exciton energy
measured at that point. The correlation between two variables is 0.326,
which increases to 0.464 when we exclude the group 2 emitters. (b)
Histogram of the energy di Lerknce between the free-exciton energy and
the localized emission shows the cuto [Cehergy. (c) The emission energy
of the localized emitters (E_g ) versus the linewidth ( gg) of the free-

exciton peak. . . . . ...

PL map of monolayer WSe, flakes transferred onto the TEM grid at
room temperature. The PL intensity is brighter at the suspended re-

gion compared to the non-suspended region. . . . . ... .. .. ...

SEM image of the cantilever tip. (a) AFM indentation tip for low-
temperature measurements; scale bar: 2 m. (b) The AFM tip close-
up image is limited by motion-induced blurring to indicate an upper
bound on the radius of curvature of 15 nm, in keeping with the

manufacturer advertised value of 10 nm; scale bar: 50 nm. . . . . ..

Home-built confocal microscopy setup with a cryostat. NDF: Neutral
density filter, M: Mirror, FM: Flip mirror. BS: Beam splitter, GM:
Galvo mirror, OL: Objective lens, LPF: Long pass filter, PH: pinhole,

APD: Avalanche photodiode, PS: Piezoelectric translation stage.

Dynamic local strain tuning for exciton funneling. (a) A schematic
shows dynamic exciton flux control in a suspended two-dimensional
semiconductor. The piezoelectric translation stage (not shown) moves
the blue nanoscale tip to modulate the bandgap of the targeted re-
gion. Inset shows SEM image of the real tip. (b) The optical bandgap
of the material decreases as the biaxial strain increases, causing spa-
tially varying energy distribution. The excitons funnel into the highly

strained region before recombining. . . . . ... ... .. ... ...
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6-5

6-6

Low temperature strain tuning. (a) Spectral modulation of the free-
exciton and lower-energy band emissions by a nanoscale-tip induced
strain. The voltage of the z-axis piezoelectric stage is decreased from
70V to 10V and returned to 70V. (b) Spectra with dilerent voltages
show redshift in both free-exciton and lower-energy band as the strain
increases, compared to the initial spectrum without applied strain (la-
beled as “Initial”). (c) Free-exciton energy (green) and linewidth (red)
show reversible change with the indentation process. The linewidth
broadening is due to the large strain distribution within the di [raction-
limited spot. (d) The strain modifies the total emission intensity

(brown) as well as the fraction of the free-exciton band (orange).

The maximum deflection and strain corresponding to the applied volt-
age to the piezoelectric stage. (a) The maximum vertical deflection of
the suspended material (dmax, green) and the maximum strain ( max,
red) at the tip position are plotted as a function of the applied volt-
age to the piezoelectric stage. The blue (orange) shaded region shows
the regime where Figure 6-5 (Figure 6-10) is studied, and correspond-
ing strain dilerence  nax IS 2.8% (3.7%). The vertical deflection is
much smaller than the depth of focus of the setup ( 1.5 m), ensuring
constant fluorescence collection e Lciehcy. (b) The exciton energy shift
(green) and linewidth change (red) are plotted on the estimated strain.
Releasing process (filled) shows a linear relationship to the strain while
engaging process (unfilled) shows a deviation. We attribute the origin

of the hysteresis to the piezoelectric stage movement. . . . .. .. ..

Spectral modulation by an in-plane movement of the tip while engaged.
(a) The tip movement in x-direction shows the maximum strain and

redshift at 34.3V with a symmetry about the white dashed line. (b)

104

105

The tip movement in the orthogonal direction causes the similar e [edt. 106
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6-8

6-9

Intensity change and the schematics of the exciton emission at low tem-
perature. (a) Schematics of the exciton recombination rate equation.
Nk and Ng are the exciton population at conduction band in K (jK i)
and Q (jQi) valleys, G is the generation rate, and «, o, ko are
the recombination rates, E is the energy dilerence between K and
Q valleys, k is the Boltzmann constant, T is the temperature, and jVi
is the valence band at K valley. The blue arrows in K and Q valley
show that E decreases as tensile strain increases. (b) Calculated PL
intensity for the piezoelectric voltage of the experimental condition.
(c) Experimentally measured intensity change of the free-exciton band

(Irg) due to applied strain. . . . . .. ... ... ... ........

Calculated strain distribution. (a) A strain map calculated with the 10-
nm-radius tip indented at the center of the 900-nm radius hole. The
strain distribution is extremely confined at the indentation position
with a maximum value of 3.7%. (b) Optically averaged strain distri-
bution that is convoluted with the Gaussian-approximated laser beam
spot size. The white circles in (a) and (b) indicate the circumference

of the hole. . . . . . . . . . . . .



6-10 Bandgap modulation and exciton funneling due to local strain gradient

6-11

6-12

at low temperature. (a) Spatial distribution of the free-exciton energy
shift induced by the indentation of 50 V. The free-exciton peak in the
white-shaded regions is too weak for reliable fitting and left blank in
the colormap. (b) Similar spatial map that shows the dilerknce of
the total emission intensity before and after the indentation. Intensity
also changes gradually in space with the maximum point overlapping
with the maximum-strain region. White circles in (a,b) indicate the
circumference of the hole. (c) Linecut of the experimental energy shift
distribution (black), calculated energy shift induced only by strain ef-
fect (green), and by combining strain and funneling e [edt (red). (d)
Normalized optical emission spectra calculated from the strain map
convoluted with the gaussian-approximated laser spot size. Black line
is without strain, green is with a strain-induced energy redshift, red is

including the funneling eledt. . . . ... ... ... ... .......

The spatial distribution of the free-exciton across the sample. The
intensity change of the free-exciton band is almost identical to the
energy shift shown in Figure 6-10a. The black circle indicates the
circumference of the hole, and the red circle indicates the central region

of the hole of 500-nm radius. . . . . . . . . . . . . . . ... .....

The intensity change of the free-exciton band (a) and lower-energy
band (b). (a) The intensity change of the free-exciton band is almost
identical to the energy shift shown in Figure 6-10a. (b) The intensity
change of the lower-energy band shows a similar response, though some

time-varying brightness (attributed to blinking) introduces extra noise.

The white circles in (a) and (b) indicate the circumference of the hole.
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6-13

6-14

(a) Reversible spectral modulation of the exciton emission at room
temperature. (b) The exciton energy (green), linewidth (red), and in-
tensity (brown) change with the strain control. Large strain induces
the redshift of emission energy, linewidth narrowing, and intensity in-
crease. The linewidth becomes narrow due to the reduced exciton-

phonon interaction. . . . . . .. ... L

Strain tuning and controllable exciton funneling at room temperature.
(a) The lower panel shows the time-resolved exciton density profile with
indentation. The excitons funnel into the tip position with indentation
(the white dashed line shows the tip position at 0.5 m). The upper
panel shows the control experiment without indentation, showing the
initial strain profile funnels excitons into the opposite direction. The
emission profile gets broadened due to the diludion. (b) Wide-field
images show normalized PL intensity distribution without (top) and
with (middle) indentation, and the diLerknce between the two images
(bottom). The tip position is marked as the white arrow, the scale bar
is1 m. (c) Strain modulation of the PL intensity at the tip position
0.5 m away from the excitation spot. The intensity of the funneled
exciton is reversibly controllable. (d) The black solid line shows the
line cut of the middle image of (c). The dotted lines are Gaussian-fitted
functions showing the emission at the excitation spot (blue) and at the
funneled spot (red). (e) The position of the funneled exciton emission
relative to the excitation spot, as the excitation spot moves by 100
nm steps in x-direction (green) and in y-direction (red). The size of
each dot represents the PL intensity of the funneled excitons, which is
plotted and then fitted by a single exponential decay in the inset. A

characteristic decay length is longer than 300 nm in both directions.
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6-15

6-16

6-17

One-dimensional simulation of exciton density in the presence of strain-
induced local potential. (a) The exciton distribution with the strong
funneling to deep potential at 0.5 m. (b) The measurement is blurred
in the time domain by the limited time resolution of the detector,
and in the spatial domain by the di[raction-limited spot size of the
optics. The original result is convoluted with Gaussian-functions in
both dimensions and normalized at each time, showing the funneling
excitonsintothe tip. . . .. ... ... .. ...
Comparison of the laser reflection and PL map. (a) Laser reflection and
(b) PL map when the indentation tip (at the white arrow) is deviated

from the excitation spot (at the center). Only PL has the signal from

the indentation spot showing that it is by the funneling of the exciton.

Exciton funneling as the distance between the excitation spot and in-
dented position increases. The tip position moves to the right by 100-
nm step. The emission from the funneled exciton is clearly distinguish-
able as the distance becomes larger than the dilraction-limited spot
size, while the emission intensity decreases due to the finite lifetime of

the exciton. . . . . . . . . .
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Chapter 1

Introduction

1.1 Overview

Confining and controlling single quanta in a nanoscale area is a fundamental step to
realize quantum operations and applications [1, 2, 3]. Quanta in solid-state materials
are promising candidates to realize large-scale applications, due to their structural
stability and matured fabrication processes [4, 5, 6]. For example, elementary charge
carriers in semiconductors can be confined either by electrostatic gating of the pat-
terned electrodes or epitaxially grown self-assembled quantum dots [7, 8]. Negatively
charged nitrogen-vacancy (NV ) center in diamond, one of the atom-like defects in
wide-bandgap materials, is one of the leading platforms for quantum information sci-
ence based on its ability to entangle a single photon with a long-lived electronic spin
state [5, 9, 10].

Recently, atomically thin two-dimensional (2D) materials have gained enormous
interest because of their unique properties not observed in conventional bulk materi-
als, including strong confinement, enormous stretchability, and easy heterostructure
stacking [11, 12, 13, 14]. Rapid developments in transfer techniques have enabled
the fabrication of multifunctional electronic and optoelectronic 2D devices on vari-
ous dielectric or metallic substrates often with photonic components [15, 16, 17, 18].
Quantum emitters (QESs) in 2D materials can leverage the same advantages to pro-

duce scalable and integrated small-footprint quantum devices [19, 20, 21, 22, 23].

33



However, the quanta in solid-state materials su [erl from interaction with neighbor-
ing environments, as there are numerous atoms and electrons surrounding them [4].
This interaction causes nuclear or electron spin relaxation, charge state fluctuation,
and random electric field noises [5]. A strain applied to the material changes the
distance between the atoms in a certain direction, thereby modulating the local band
structure or destroying the crystal symmetry [24, 25, 26, 27, 28, 29, 30]. These per-
turbations induce large inhomogeneous broadening and reduce coherent times [4, 5].
In particular, quanta in 2D materials are more susceptible to these fluctuations as
they are directly exposed to the surface and external environment [31]. Therefore,
the ability to control and tailor the properties of quantum emitters is essential for

realizing scalable quantum and optoelectronic applications.

This thesis begins with a brief introduction to quantum emitters and excitons
in two-dimensional materials (Chapter 2). Then it describes purifying and tuning
of quantum emitters in hexagonal boron nitride (hBN) (Chapter 3); defect-phonon
coupling at cryogenic temperature (Chapter 4); correlation of localized exciton energy
and strain-modulated free exciton energy (Chapter 5); and dynamic exciton funneling
in a monolayer WSe, (chapter 6). Chapter 7 olers potential future directions and

applications.

More specifically, helium ion-implantation reduces the background noise to im-
prove the single-photon purity, while globally applied strain tunes the emission en-
ergy of the emitters in hBN [32]. A low-temperature coupling of the defects with
di Lerknt phonon modes has been studied to elucidate the origin of the atomic struc-
ture of the defect [33]. Then, | present the behavior of photo-generated free- and
localized excitons in semiconducting transition metal dichalcogenides (TMDCs). The
measurement of strain-modulated free-exciton energies at the position of the local-
ized emitters shows that the local strain is correlated with the emission energy of
the localized excitons in a monolayer WSe, [34]. Dynamic bandgap modulation of
a suspended monolayer WSe, by applying a local strain gradient with a nanoscale
tip enables active control of exciton drift along the energy gradient [35]. The results

open up new possibilities for broad applications, including broadband photovoltaic
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devices, e [cieht excitonic devices, and deterministic creation and control of quantum

emitters in atomically thin membranes.

1.2 Publications and Co-worker Contributions

The work presented in this thesis includes materials adapted and reproduced from
previously published journal papers. Corresponding papers and author contributions

are listed in the order they are introduced.

» [32] Gabriele Grosso*, Hyowon Moon*, Benjamin Lienhard, Sajid Ali, Dmitri
K. Efetov, Marco M. Furchi, Pablo Jarillo-Herrero, Michael J. Ford, Igor
Aharonovich, Dirk Englund, "Tunable and high purity room-temperature sin-
gle photon emission from atomic defects in hexagonal boron nitride,” Nature
Communications 8, 705 (2017). * These authors contributed equally to this

work.

— Author Contributions: G.G. and H.M. developed and carried out the sam-
ple processing, performed optical measurements and analyzed the data.
B.L. performed AFM measurements, assisted with sample processing and
optical measurements. G.G. and H.M. conceived and developed the strain
tuning apparatus. D.K.E., M.M.F. and P.J.H. assisted with the sample
transfer and participated to discussions. S.A. and M.J.F. performed sim-
ulations. G.G., H.M., ILA. and D.E. wrote the paper. I.A. and D.E.
conceived and directed the project. All authors discussed the results and

commented on the manuscript.

» [33] Gabriele Grosso*, Hyowon Moon*, Christopher J. Ciccarino, Johannes
Flick, Noah Mendelson, Lukas Mennel, Milos Toth, Igor Aharonovich, Prineha
Narang, Dirk Englund, ""Low-temperature electron-phonon interaction of quan-
tum emitters in hexagonal Boron Nitride,” ACS Photonics 7, 6, 1410-1417
(2020). * These authors contributed equally to this work.
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— Author Contributions: G.G. and H.M. performed optical measurements
and analyzed the data. C.C.,J.F., P.N. performed simulations. N.M.,
M.T., and I.A. prepared the sample. L.M. assisted with optical measure-
ments. G.G., H.M., and D.E. wrote the paper. G.G. and D.E. conceived
and directed the project. All authors discussed the results and commented

on the manuscript.

* [34] Hyowon Moon, Eric Bersin, Chitraleema Chakraborty, Ang-Yu Lu, Gabriele
Grosso, Jing Kong, Dirk Englund, "Strain-correlated Localized Exciton Energy
in Atomically Thin Semiconductors,” ACS Photonics7, 5, 1135-1140 (2020)

— Author Contributions: H.M. performed optical measurements and ana-
lyzed the data. H.M., E.B., C.C. prepared the sample. A.L. and J.K. as-
sisted with the AFM measurements and participated to discussions. H.M.
and D.E. wrote the paper. D.E. conceived and directed the project. All

authors discussed the results and commented on the manuscript.

* [35] Hyowon Moon, Gabriele Grosso, Chitraleema Chakraborty, Cheng Peng,
Takashi Taniguchi, Kenji Watanabe, and Dirk R. Englund, "Dynamic exciton
funneling by local strain control in a monolayer semiconductor,” Nano Letters

9, 6791-6797 (2020)

— Author Contributions: D.E. and H.M. conceived the experiment. H.M.
and G.G. built the optical measurement setup. H.M. and C.C. fabricated
the device. H.M. performed the optical measurement and analyzed the
data. P.C. contributed to the sample characterization. T.T. and K.W.
supplied the hBN. H.M., G.G., C.C., and D.E. discussed the result and

wrote the manuscript with the input from all authors.
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Chapter 2

Background

2.1 Two-Dimensional Materials

Two-dimensional (2D) materials, often called van der Waals (vdW) materials, refer
to crystalline solid-state materials that consist of covalently bonded in-plane atoms
to form monolayer sheets [11, 14]. These individual sheets are stacked in an out-of-
plane direction and are only attracted by weak van der Waals forces, enabling the
mechanical exfoliation of monolayer or thin layers of 2D materials [36]. Chemical
vapor deposition (CVD) is an alternative method to obtain large-scale monolayer
2D materials, which is useful for scalable devices [37]. There are 2D materials with
various physical properties, ranging from semi-metallic graphene to semiconducting
transition metal dichalcogenides (TMDs) to insulating hexagonal boron nitride (hBN)
[16]. Recent discoveries also found superconducting or ferromagnetic 2D materials
[38, 39, 40].

The layers of 2D materials can be transferred onto other 2D materials without lat-
tice matching, as there is no out-of-plane covalent bonding. This is in stark contrast
to the conventional direct growth process which requires contacting layers to have
similar lattice constants to minimize unavoidable local strain at the boundary [41].
HBN encapsulation of graphene or TMDs provides a clean interface to significantly
improve optical and electronic properties [42, 43]. Encapsulation also prevents the

oxidation or degradation of air-sensitive 2D materials to achieve longer and reliable
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device operation [44]. Graphene-hBN-TMD heterostructures provide atomically thin
metal-oxide-semiconductor (MOS) devices [45]. Heterobilayer TMDs of type Il band
alignment create electrons in one layer and holes in the other layer, forming interlayer
excitons that have out-of-plane dipole moments with controllable optical character-
istics [46, 47]. Moire superlattice formed in heterobilayer TMDs provides a trapping
potential for excitons [48]. Twisted bilayer graphene at a magic angle around 1.1

shows superconducting phase transition [49, 50].

Multifunctional 2D heterostructures or 2D monolayers can also be transferred
onto various substrates such as piezoelectric materials [51, 52], flexible polymers [32],
photonic crystal cavities [53], or on-chip waveguides [54]. This easy and reliable
transfer process provides an attractive solution for nanoscale photonic and optoelec-
tronic devices [19, 20, 21, 22, 23]. In particular, suspended 2D materials transferred
onto the nanoscale or micrometer-scale holes have shown their enormous stretcha-
bility and high in-plane Young’s modulus [55]. They endure large strain up to 10
%, which cannot be achieved in conventional bulk materials [56]. Applied strain
changes the distance between atoms, thereby modulating their band-structure signifi-
cantly [24, 25, 26, 27]. Density functional theory (DFT) calculation shows that a large
strain applied to TMDs induces a bandgap modulation over 500 meV and a transition
from direct to indirect bandgap [28, 29, 30]. This unique mechanical characteristic

makes 2D materials an attractive solution for flexible electronics and photonics.

2.2 Optical and Electronic Properties of 2D Materi-

als

Graphene, the first-reported monolayer 2D material, consists of sp?-bonded carbon
atoms in a hexagonal lattice structure [36, 11]. Each atom in graphene is covalently
bonded with the three nearest neighboring atoms. An extra electron per atom in a
conduction band makes graphene both electrically and thermally conductive. The

semimetallic properties of graphene come from its unique energy-momentum disper-
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sion relation, which is approximated as a linear function near the K points in the
Brillouin zone, where the conduction and valence band barely meet. Therefore, the
electrons in graphene move at a constant speed with zero e [edtive mass. The low
density of states (DOS) near the Fermi level allows the control of the interband optical
transition: graphene cannot absorb low-energy photons when it is doped su Lciehtly
to fill the energy level. Therefore, graphene has been widely used for fast electro-optic
modulation and as a saturable absorber [57, 58]. With its wide-range optical absorp-
tion of 2.3%, graphene is suitable for mid-infrared range optoelectronic applications
[59]. However, the application in the visible wavelength is strongly limited due to the

lack of bandgap.

Hexagonal boron nitride possesses the same honeycomb lattice structure as graphene,
but with alternating boron and nitrogen atoms instead of carbon atoms. In contrast
to graphene, electrons in hBN are localized and form a wide bandgap of 5.5 eV, mak-
ing it perfect as a dielectric and insulating substrate for other 2D materials [60]. The
anisotropic crystal structure of hBN leads to the nonlinear e [edt and the formation
of hyperbolic phonon polaritons [17]. It can act as an ultraviolet (UV) light source
with relatively high quantum e [ciehcy near the band gap [17]. Furthermore, the
microfabrication technology allows the etching of hBN flakes to fabricate photonic

structures made of layered materials [61].

TMDs are semiconducting 2D materials in the form of MX;, where M is a tran-
sition metal atom (Mo, W) and X is a chalcogen atom (S, Se, Te) [18]. A monolayer
MX, consists of the covalently bonded three atomic planes (X-M-X), resulting in three
di Lerknt stacking orders of 2H, 1T, and 1T% Thermodynamically stable 2H TMDs
have attracted enormous interest because of their band gap in the visible range (1.5
- 2.2 eV). In particular, monolayer TMDs have a direct bandgap at K and K ©valley,
while multilayer TMDs are indirect-bandgap semiconductors because the conduction
band minimum is located at M valley [62]. Electrons and holes in TMDs are attracted
by electrostatic forces to form excitons, due to the reduced dielectric screening and
strong vertical confinement [63]. Electrostatic doping introduces additional negative

or positive charges, forming trions by the interaction with excitons [64, 65]. The exci-

39



tation with strong laser power produces a large number of excitons to form biexcitonic
states [66, 67, 68]. Inversion symmetry breaking in odd-number layered TMDs induces
an electronic band splitting driven by a spin-orbit interaction both at the conduction
and valence bands [69]. Time-reversal symmetry forces spin-splitting at K and K°
band to be opposite to each other, resulting in spin-valley locking (coupling) which is
useful for spintronics [69]. Therefore, excitons in K and K °valleys can be selectively
excited by right-circularly polarized (RCP) and left-circularly polarized (LCP) light,
respectively. External out-of-plane magnetic fields break the time-reversal symmetry
to lift the degeneracy of the K and K ° valleys. Heterobilayer TMDs form inter-
layer excitons with tunable optical and lifetime properties, showing the possibility of

excitonic devices [46, 47].

2.3 Quantum Emitters

Quantum emitters (QES), often called single-photon emitters (SPEs), are light sources
that emit only a single photon at a time, where a photon is an elementary excitation of
the quantized electromagnetic field [70]. An ideal QE should produce a single-photon
state at a desirable time with a probability of unity [71]. This state is distinct from
a coherent state, which follows Poissonian photon number distribution, even though
the average photon number is one [72]. The quantum nature of the emission field can
be measured with the Hanbury-Brown Twiss setup, which measures the second-order

correlation function [73]:

FE (ri;t)E (rat2) E(ros t) E(ros to)i
hiE (r1; ta)J2hjE (r2; t2)j2

9@ (rostaraty) = (2.1)
where E(rq;ty) is the electric field at position r; and the time t;, for i = 1;2. For

stationary states, the equation simplifies into

H I (E+ )i

g(Z)( )= H(t)iZ

2.2)
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where | (t) is the intensity of the light at time t. In quantum-mechanical description

reY(Da(t+ )a(t+ )a(b)i
hey (1) a(t)i 2

g?( )= (2.3)

where & is the creation operator and a is the annihilation operator. The value at
zero time delay of the n-photon number state is g (0) = ™ D' 50 g@(0) = 0 for
the ideal single photon source. However, realistic single photon sources are imperfect
in addition to background noise, producing g (0) > 0. We can confirm the single-
photon nature of the emitters when g (0) < 1=2.

QEs play a crucial role in various fields of quantum information science, including
guantum communication and quantum computing [4, 5, 6]. The quantum nature of a
single-photon ensures the secured quantum cryptography protocols such as quantum
key distribution (QKD) [74]. Photonic quantum computers exploit a photon as a
qubit by encoding the information in its polarization or angular momentum [75, 76].
The entanglement of photon and spin states in QE opens the possibility of realizing
guantum networks, by mediating the entanglement of memory qubits distributed over

long distances [77, 78].

2.3.1 Quantum emitters in hBN

hBN was reclassified as an optically active quantum material upon the discovery of
single-photon emitters in it, rather than as an auxiliary material for encapsulation
or dielectric substrate [79]. The electronic levels of these atom-like defects hosted
in hBN exist within the bandgap, providing stable single-photon emissions even at
room temperature [79]. The emissions at visible wavelength are bright, with high
Debye-Waller factors. Both the exfoliated and CVVD-grown hBN host SPEs, followed
by annealing at high temperature (850 - 1000 C) [32, 80]. Various ion irradiation and
plasma treatments destroy the lattice to increase the probability of SPE formation
[80, 81].

However, these emitters su [er from a large distribution of zero-phonon line (ZPL)

emission energy over a range of more than 200 meV due to strong environmental influ-
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ences [82]. Various mechanisms including strain [32, 83], temperature [84], and electric
field [85, 86] can modulate the emission energy to compensate for this inhomogeneous
distribution, which is crucial to create entangled photon pairs. Non-polar substrate
also helps to reduce the spectral diludion [87]. Also, the emissions show dilerent
spectral shape and phonon coupling, hinting at multiple origins of defect-structures
[82]. The origin has been attributed to substitutional nitrogen-vacancy type atomic
defects (Ng Vn) [79], carbon-related substitutional vacancy (Cg V) [88], and to the
dangling bond in boron vacancy [89], though it is still an open question and active
research area.

One of the key components for realizing quantum devices is the active manipu-
lation of internal spin-states. Observation of magnetic-field induced intensity change
[90] and optically detected magnetic resonance (ODMR) [91] shows their potential
as qubits in quantum computers. Their lifetime and emission intensity can be mod-
ulated by coupling them to plasmonic structure [92]. Direct coupling to the tapered
fiber [93] and integration with the photonic crystal cavity [61] show the possibility of

on-chip quantum devices.

2.3.2 Quantum emitters in TMDs

Quantum dot-like single-photon emitters in semiconducting TMDs were discovered
in 2015 by multiple groups [19, 20, 21, 22, 23]. The emitters are mostly found at the
edge of the monolayer flakes, and become resolvable at very low excitation power of
nanowatts range. High-resolution magneto-optical spectroscopy reveals the doublet
nature of this QEs with a zero field splitting (ZFS) of 730 eV and a g-factor of 9.8 [21].
This symmetry breaking and the emission energy always less than the free-exciton
energy indicate their quantum dot-like origin.

In 2017, Palacios-Berraquero and Branny reported a large-scale array of quantum
emitters by transferring monolayer TMDs on top of nanopillars [94, 95]. It suggests
that the formation of QEs is strongly related to the local strain in TMDs. Further-
more, these quantum-dot like emitters are hosted in W-based TMDs rather than

Mo-based ones. Therefore, their origin is attributed to the defect state mixed with a
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strain-modulated dark excitonic band, as the dark excitonic band has lower energy
than the bright band in W-based TMDs [96]. Following experiments showed the site
and orientation control of the emitters on nanostructures. Their emission energy has
been modulated by applying vertical electric field [97] or lateral strain via piezoelec-
tric substrate [51, 52]. QEs in WSe, have been coupled to waveguides for photonic
applications [54].

Bilayer WSe, or heterobilayer TMDs also host single-photon emitters [95]. In
particular, heterobilayer TMDs form Moire patterns of di[erent size determined by
the angle in between them, and the Moire potential can trap individual interlayer
excitons to form SPEs [98]. These Moire-trapped exciton holds C3 symmetry unlike
previously introduced quantum dot-like emitters, therefore spin-valley locking and no

splitting [48].
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Chapter 3

Tunable and High Purity
Room-temperature Single-Photon
Emission from Atomic Defects In

hexagonal Boron Nitride

3.1 Introduction

Van der Waals materials allow for assembly of heterogeneous structures to realize
new electronic, optical, and materials functionalities [15, 18]. Recently, they have
also emerged as promising materials for quantum information processing [4, 94, 99]
with the discovery of stable quantum emitters in transition metal dichalcogenides
(TMDs) [19, 20, 21, 22, 23] and hexagonal boron nitride [79, 100, 101, 102, 103].
hBN is a layered semiconductor with a wide band gap of 5.5 eV and has attracted
considerable attention for its capability to enhance electronic and optical properties
of two-dimensional (2D) material heterostructures [42], and for its natural hyperbolic
properties [104]. In contrast to smaller band gap semiconductors, such as TMDs,
where single-photon emitters (SPEs) are attributed to excitons bound to impurities

[19], emitters in hBN are associated with the antisite crystallographic defect Ng Vy
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of the lattice, in which a nitrogen site is vacant and the neighbour boron atom is sub-
stituted by a nitrogen [79]. Atom-like defects in hBN confine electronic levels deep
within the band gap and result in stable and extremely robust emitters with anti-
bunched (i.e. non classical) light. As recently reported, the emission energy of these
emitters spans over a large spectral band [82], which presents a central problem for
developing identical single-photon sources. Furthermore, exfoliated hBN flakes show
high background emission that reduces single-photon purity. In this article, we ad-
dress these problems through strain control of the emission wavelength and a method
to sharply reduce multi-photon emission probability, producing a tunable ultra-bright
room-temperature single-photon source with the advantages of 2D materials, includ-
ing stretchability, heterogeneous device assembly and straightforward integration with
photonic circuits. The combination of photon purity, brightness, and tunability is es-
sential for practical implementation of solid state single-photon sources in quantum

information, quantum metrology and in-situ light source characterization [4].

3.2 Strain in Two-Dimensional Materials

Figure 3-1 illustrates the structure of a Ng Vy defect in the hBN lattice, which is one
of the possible atomic structures associated to the single-photon emission [79]. Pho-
toluminescence (PL) measurements and second order correlation function (g@ ( )),
shown in Figure 3-1a, characterize the emission of antibunched light emitted by point-
like defects. The spectral tuning relies on strain: In 2D materials, due to the strong
in-plane atomic bonds, external strain can be applied to alter the electronic energy
levels of fluorescent defect states. The unusually high stretchability of 2D materials
allows for e [edtive strain engineering of physical and optical properties [105], includ-
ing giant tunability of the electronic bandgap. Recently, it has been shown that
local strain in TMDs can be used to confine individual excitons with promising prop-
erties for single-photon applications [94, 95, 106]. In the case of atom-like defects,
the strain-induced displacement a of lattice sites deforms the molecular orbitals and
perturbs their energy levels according to Hgyain = i ij, where j = @—; is the

B] @
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Figure 3-1: Single-photon emission of atom-like defects in hexagonal boron nitride
at room temperature: (a) Top image shows the normalized intensity of emission for
an isolated single-photon emitter in layered hBN. The graph in the bottom shows
clear antibunching at zero time delay (g (0)<0.5). The red line indicates the fitting
as discussed in 3.5. (b) Schematic of the hBN crystal lattice composed of regular
hexagons with alternated atoms of N (blue) and B (orange). The dotted black circle
shows an atom-like defect with a N atom missing and an adjacent B atom substituted
by a N. Tensile strain along the armchair (AC) and zigzag (ZZ) directions produces
a deformation of the crystal with a change a of N-B bond length. Strain results in
a shift of the energy levels and allows to tune the emission energy. (c¢) Drawing of a
simplified energy level diagram showing the e [edt of strain. The emission energy can
be strain-tuned of E from the initial zero phonon line (ZPL) energy.

strain tensor and ;; are orbital operators. For hBN, the relevant strain directions are
the zigzag (ZZ) and armchair (AC), indicated in Figure 3-1b. The observable energy
shift on the quantum emission can be therefore expressed as E = Ezp + P E(),
where Ezp_ is the zero phonon line (ZPL) energy transition and E( ) is the energy
shift of each orbital whose symmetry is broken by strain. A schematic of a simple
case with a non-degenerate ground state |gi and one excited state |ei is shown in Fig-
ure 3-1c. Similarly to other solid-state systems [107, 108], external strain promises a
particularly e [edtive method to control the optical properties of embedded quantum

emitters in 2D materials, as we will show below.
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3.3 Preparation and Characterization of hBN Sam-

ples
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Figure 3-2: Spectroscopy of exfoliated hBN treated with focused ion beam: (a) To-
pographic map of the ion-irradiated area measured with Atomic Force Microscopy.
The right panel shows the relative thickness integrated over a vertical area indicated
with dashed black lines. The irradiated area presents a swelling of 1.2 nm with im-
purities accumulation of 7 nm at the edges. (b) Confocal PL intensity map of the
treated hBN flake in saturated and normalized color scale. The dark region shows a
reduction of the background fluorescence with respect to the not irradiated area. The
blue arrow indicates the emitter used for the photophysical studies. Emitters are also
found outside the region (white dashed arrow). A vertical profile of the PL intensity
(vertical white dashed lines) is illustrated in the right panel and it shows the increased
visibility of the emitter inside the irradiated area due to the reduction of background
emission. Two blue squares indicate the areas where Raman spectra are measured.
(c) Raman spectra of the irradiated (blue line) and pristine region (black line). Both
spectra are fitted with multi-peak functions in order to extract the Raman peaks (red
lines). In the irradiated area the G- and D-bands appear on top of the Raman peak
associated to hBN. (d) Room-temperature spectrum of a single-photon emitter inside
the irradiated area (blue arrow in Figure 3-2b).
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The experiments used hBN samples prepared by a combination of focused ion
beam (FIB) irradiation and high temperature annealing. We found that these steps
can sharply reduce broad and bright autofluorescence of as-prepared hBN samples,
which we ascribe primarily to organic surface residues [109], intrinsic defects [110], or
impurities that create photoactive states within the band gap [111, 112] (more details
in 3.4). Figure 3-2 shows the e[edt of He" irradiation on an exfoliated 100 nm-thick
hBN flake. This sample was irradiated in a 10 10 m ? area with a He* ion dose
of 5 10" ions/cm? and successively annealed in Argon atmosphere at 1000 C. The
Atomic Force Microscopy (AFM) topography map of the sample after the treatment,
shown in Figure 3-2a, reveals far higher surface roughness in non-irradiated than
irradiated regions, as well as a marked 7 nm tall ridges at the borders between
these regions. A vertical AFM profile shows that the thickness of the irradiated
area is increased by approximately 1.2 nm. Such surface swelling has been ascribed
to ion irradiation in other materials for similar ion dose: In Si [113] and diamond
[114], swelling in crystal volume was attributed to amorphisation with migration and

segregation of the displaced atoms from the bulk to the surface.

Our optical measurements suggest a more uniform hBN material in the irradiated
region with a lower density of fluorescent defects. Figure 3-2b maps the photolu-
minescence intensity, acquired in a scanning confocal microscope with an excitation
wavelength of 532 nm. The PL intensity of the irradiated region is reduced by five-fold

compared to the non-irradiated area.

High resolution Raman spectroscopy in the non-irradiated area (black line in Fig-
ure 3-2¢) shows a single Raman peak around 1360 cm * which is typically associated
with hBN [115]. Inside the irradiated region (blue line), two broad peaks appear
around 1355 cm ! and 1610 cm 1, and are attributed to the D- and G-band, indicat-
ing a partial graphitization of the hBN surface [116, 117]. The absence of the Raman
peak at 1290 cm ! associated to cBN allows us to exclude the possibility of the hBN-
to-cBN transition [115, 117]. The reduced PL background in the irradiated region
in Figure 3-2b reveals three bright spots with sharply increased signal-to-background

ratio, as shown in the vertical profile of Figure 3-2b. The spectrum at room temper-
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ature of an emitter inside the FIB area (blue arrow), seen in Figure 3-2d, shows a
ZPL emission around 2.145 eV and overall spectral matching with emitters previously

associated to the antisite nitrogen vacancy (AVy ) type defects [82, 100].

3.4 E ects of the He * Irradiation on Exfoliated hBN

Flakes

Figure 3-3: E ects of irradiation with di erent ion dose: (a) Images show the PL
intensity map of a hBN ake before the treatment (1), after the He ion irradiation
(I) and after the annealing (Ill). Three areas are irradiated with di erent dose:
Region A with 8 10" ions/cm?; Region B with 5 10" ions/cm?; Region C with
10'7 ions/cm?. The maximum of the color scale is increased in panel Il to highlight
the di erent intensity between region A and B. (b) Zoom of region B and C. Region
B shows several SPEs within the irradiated area. (c) Microscope image of the same
ake taken with 40X magni cation after the complete treatment. The e ect of the
irradiation with dose 5  10%° ions/cm? is visible due to darkening of the ake color.
(d) Ratio of the PL intensity outside and inside the irradiated areas as a function of
the ion dose. Intensity counts are integrated over areas of25m 2.
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