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ABSTRACT

Quantum emitters in layered hexagonal boron nitride (hBN) have recently attracted a great
attention as promising single photon sources. In this work, we demonstrate resonant excitation of
a single defect center in hBN, one of the most important prerequisites for employment of optical
sources in quantum information application. We observe spectral linewidths of hBN emitter

narrower than 1 GHz while the emitter experiences spectral diffusion. Temporal



photoluminescence measurements reveals an average spectral diffusion time of around 100 ms.
On-resonance photon antibunching measurement is also realized. Our results shed light on the

potential use of quantum emitters from hBN in nanophotonics and quantum information.

TEXT

Solid-state quantum emitters in low-dimensional hosts have emerged as promising candidates for
quantum information and communications, owing to their strong photoluminescence (PL) and
the potential use in integrated nanophotonics.! Within this class of single photon emitters,
optically active defect centers in layered hexagonal boron nitride (hBN), a two-dimensional
dielectric, have gained tremendous research momentum due to outstanding characteristics such
as superb brightness at room temperature,®” high photon contribution into zero phonon lines
(ZPL),®? linearly polarized emission,'%!? high photo-stability even upon heating to 800 K,'* and
spectral tunability.” ® Furthermore, integration of hBN emitters with plasmonic nanocavities'*
and tapered-fibers'® have recently been demonstrated as a first step towards integrated on-chip

circuits.

Recent cryogenic measurements revealed that some of the emitters have stable spectral lines as
narrow as 45 peV.> ' It has also been shown that some emitters suffer from ultrafast spectral
diffusion that causes broadening of the ZPLs.!” However, to date, coherent resonant excitation of
these quantum emitters has not been demonstrated. Resonant excitation is important for
understanding the fundamental photophysical processes of solid state quantum emitters, and vital
for realization of advanced quantum experiments, including generation of indistinguishable

photons, entanglement and optical coherent control of quantum states.* !8-24



In this work, we report resonant photoluminescence excitation (PLE) of a single hBN emitter at 8
K. The emitter shows optical linewidths of less than 1 GHz, but blinking and spectral diffusion
result in a broader optical envelope that spans approximately 6.3 GHz. Despite the spectral
diffusion, high purity single photon emission is confirmed by recording an on-resonance second-
order autocorrelation function. Our results shed light on outstanding challenges with this
intriguing quantum system, and represent a stepping stone towards the generation of

indistinguishable photons for quantum information processing applications.

We employed hBN flakes (Graphene Supermarket, ~200 — 500 nm in diameter) that were drop-
casted on a 1 x 1 cm? silicon substrate. The substrate was thermally treated in argon at 850°C for
half an hour to optically activate defects in hBN.> The sample was mounted on a three-
dimensional (3D) piezo stage (Attocube Inc.) of a home-built open-loop cryostat with flowing
liquid helium (figure 1a). The sample was excited with a computer-controlled continuous-wave
(CW) Titanium:Sapphire (Ti:Sap) laser (SolsTis, M2 Inc.) with a narrow spectral linewidth of 50
kHz. Excitation and collection light were split by a 90:10 (transmission: reflection) non-
polarizing beamsplitter and collected through an objective lens with (NA= 0.95), which was
mounted inside the cryostat. Residual pump laser was rejected using the combination of a 715
nm longpass and 850 + 105 nm bandpass filter (Semrock Inc.). It is noted that for both PLE and
on-resonance excitation experiments, only the light from the phonon sideband (PSB) was
collected, and not from the ZPL, to avoid collection of scattered laser light. Time-resolved PL
was carried out with a pulsed 675 nm diode laser (~ 50 ps pulse width) with a repetition rate of
10 MHz and a power of 100 uW. Second-order autocorrelation measurements were performed
with a Hanbury Brown and Twiss (HBT) interferometer and a time-correlated single photon

counting (TCSPC) module.



Quantum emitters in hBN flakes are known to display a wide range of ZPL energies spanning ~
570 — 770 nm,? 1% 11.25.26 making it possible to select and address a particular optical transition
of interest within this range. We therefore conducted survey confocal PL mapping using a CW
laser tuned at 700 nm to off-resonantly excite hBN emitters at 8 K, and selected a bright emitter

for further optical investigation (figure 1b, black arrow). The emitter has a weak phonon

sideband (PSB) with an estimated Debye-Waller (DW) factor of DW = zrr — 09 + 0.1, and

Itot

an asymmetric ZPL shape, consistent with the literature.® While the full-width-at-half-maximum
(FWHM) of the emitter at room temperature was ~10 nm (5.1 THz), at 8 K, the ZPL width was
limited by our spectrometer resolution of 25 GHz (figure 1c¢). It should be noted that the small
peak at ~ 800 nm is a ZPL of another weak emitter within the excitation spot. The inset of figure
lc shows a higher resolution spectrum of the emitter, indicating a ZPL position of 766.8 nm

(391.2 THz).

To verify the single photon purity of the defect under off-resonant excitation, we recorded the
second-order autocorrelation function, g®(t). First, to quantify the jitter contribution in our
detection scheme, we measured the standard deviation of the instrument response function (IRF)
to be 0.5 ns by fitting a Gaussian on the IRF. We then used the Gaussian-convoluted three-level

model to fit the data, taking into account the timing-jitter effect:?’
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where J(t — 1) is the IRF, and o is the standard deviation; a is the bunching factor, while 7; and

7, are the antibunching and bunching time, respectively.



From the convoluted fitting function in (Eq. 1), an antibunching dip or g@meas(0)) of 0.16 £ 0.01,
with the deduced antibunching time value of Ti~ 3 ns was derived (red solid line). The g®meas(0)
value is well below 0.5 and thus clearly indicates the single photon nature of the emitter.?®
Without the contribution of the system jitter, we achieved relatively similar result, with g?(0) of
0.15 £ 0.01 (blue dash line). This means that the small deviation from zero is mainly caused by

t.2° Polarization PL

the contribution of fluorescence background within our laser spo
measurements showed that the transition dipole moment of the defect center is perpendicular to

the optical axis (supporting information figure Sla). The emitter also exhibits high brightness

with a saturated PL intensity in excess of 1x10°counts/sec (supporting information figure S1b).

Although off-resonant excitation is convenient due to its relative insensitivity to excitation
wavelength, the excited electron is required to vibrationally relax before spontaneous emission
takes place (figure 2a). Resonant excitation, on the other hand, enables coherent access to
manipulation of quantum states, and is a practical means to realize photon indistinguishability.
We therefore proceeded to investigate the emitter of interest resonantly. The Ti:Sap laser
wavelength, frequency-stabilized by a high-resolution external cavity (WS6, HighFinesse), was
scanned across the ZPL, and the fluorescence signal was collected by a single photon counting
avalanche photodiode (SPCAPD). To minimize laser scattering, we chose to spectrally filter out
the residual pump laser with a 830 nm longpass filter and collect the red-shifted photons from the
PSB (highlighted in the figure 1c), instead of using the cross-polarization technique.*® Figure 2b
shows a resonant PLE plot obtained by averaging five consecutive scans over the same 14 GHz
range with 70 MHz resolution (each scan lasting for ~ 2 minutes). The laser power was kept at
150 nW to prevent power-induced broadening. A single broad peak was observed at 766.186 nm,

with a Gaussian FWHM of 6.3 + 0.3 GHz. As discussed above, due to a permanent transition



dipole moment of the emitter, spectral diffusion was expected to be observed, and such spectral
fluctuations when averaged out, resulted in a broad Gaussian lineshape with a FWHM of 6.3 +
0.3 GHz.?® The average interval between two consecutive jumps appeared to be slow, on the
order of milliseconds. Additional scans performed over a wider frequency range reveal numerous
intermittent peaks with Gaussian linewidths of ~700 — 1200 MHz, randomly distributed in the
scan window (figure 2¢). The Gaussian fit peaks corresponded to the optical resonance of the
emitters. The widths of these peaks are significantly smaller than the time-averaged value of ~
6.3 GHz seen in figure 2b, which indicates that the emitter is stable but exhibits rapid spectral
jumps during excitation. Spectral jumps are expected from emitters with permanent dipole
moment such as the antisite vacancy defect NV, which has been suggested as the atomic
structure of the hBN SPEs’ studied in this work. We note, however, that some of the intermittent
spectral features are not Gaussian, indicating a transition to a dark state (indicated by grey arrows
in figure 2¢). These measurements were recorded only with a single (resonant) laser. However,
the emission instabilities seen in figure 2b-c may be mitigated, once the level structure of the
emitters is fully understood, by a co-incident laser used to repump the defects, as has been done

previously for the NV centers in diamond.>!

To compare the measured peak widths to the Fourier-transform (FT) lifetime limited linewidth,
we conducted time-resolved PL measurements of the excited state lifetime using a pulsed
excitation source. A lifetime of 3.6 = 0.1 ns was extracted by fitting a single exponential function
to the experimental data shown in figure 2d, yielding a FT limited linewidth of ~ 44 MHz, which
is over an order of magnitude narrower than the measure linewidths in figure 2b-c. The observed
broadening and spectral jumps are attributed primarily to low quality of the hBN host material

and the chemically exfoliated, drop-casted flakes used in the present study. Currently available



hBN crystals are known to host impurities introduced during synthesis processes.>>3* Such
impurities can undergo charge transitions during optical excitation, which can in turn give rise to
intense local electric field fluctuations that interact strongly with the permanent transition dipole
moment of emitters and cause spectral diffusion.>* The latter can, in principle, be suppressed
using dynamic Stark shift feedback techniques that have been demonstrated previously using
nitrogen vacancy (NV) centers in diamond.* A more direct approach is to prevent the underlying
problem by improving the crystal purity of the hBN material. Indeed, initial PLE measurements

36,37

from NV centers in nanodiamonds showed GHz linewidths, and subsequent realization of

high quality single crystal material yielded improved, stable and FT limited lines.

To characterize the emission dynamics further, we recorded the PL intensity as a function of time
using a fixed excitation laser tuned to the emission resonance of 766.186 nm (red trace in figure
3a). Emission intermittency (blinking) is clearly evident when the laser is resonant with the
optical transition of the emitter, and gives rise to photon bursts®® in the time-resolved PL signal.
For reference, off-resonance excitation with the laser wavelength detuned by 2 nm is shown as a
black curve. In this case, the emitter was not excited and only a steady state, low intensity

background is observed.

The time-resolved PL trace enables quantification of the spectral diffusion time. By setting a
threshold value of 1800 counts/sec (grey dashed line) to separate the ON and OFF-resonance times
(Ton and Tofr, respectively), the ton / Tofr ratio is equal to 0.47. This value indicates that the average
amount of time during which the emitter is detuned from the excitation field is about twice as long
as the ON-resonance time. By binning the ON-resonance time intervals (figure 3b), we obtain an

average spectral diffusion time, Tavg spec dgitf, Of approximately 102 + 65 ms. We note, however, that



spectral diffusion at the millisecond time scale cannot explain the line broadening observed in
figure 2. Recent results show that emitters in hBN exhibit ultrafast spectral diffusion at a time scale
of a few ps, and a coherence time of ~ 81 ps.!” Further detailed studies are needed to fully

understand and circumvent spectral diffusion of emitters in hBN.

With an average spectral diffusion time of ~ 100 ms, we demonstrated that an ON-resonance
confocal PL map can be acquired, showing a clear bright spot in the center of the map (figure 3c,
left panel), and the absence of background emissions present in the off-resonance confocal map
shown in figure 1b. In contrast, when the resonant excitation laser was detuned by 2 nm, no PL

signal is observed (figure 3c, right panel).

Finally, to confirm the on-resonance single photon purity, we acquired an on-resonance
antibunching curve from the emitter using a laser power of 1 uW (figure 3d). An acquisition time
of three hours was needed to achieve an adequate signal-to-noise ratio, due to the spectral diffusion
and blinking which also prevented the observation of Rabi oscillations in our data. A fit based on
the Gaussian-convoluted three-level model (red solid line) resulted in a g?(0) value of 0.11 £0.01,
which is comparable to that from off-resonance excitation (figure 1d), and confirms the single
photon nature of the emitter. The non-zero dip was due to a significant contribution of timing-
jitter. By excluding the contribution of the jitter, however, the antibunching dip of ~ 0 = 0.01 is
deduced, suggesting high single-photon purity of the source. Notably, the on-resonance
antibunching time (~0.87  0.02 ns) is less than a third of the off-resonance antibunching time (3.0

+ 0.1 ns).

To summarize, we demonstrated resonant excitation of a quantum emitter in hBN. The emitter

has a time-averaged optical linewidth of ~ 6 GHz. Using individual scans, we were able to



resolve narrower transitions, down to ~ 700 MHz, despite the presence of spectral diffusion. An
average spectral diffusion time of ~ 100 ms was observed, which is sufficiently long to realize
more complex experiments such as the Hong-Ou-Mandel two photon quantum interference
effect.* Measurement of the second order autocorrelation function under resonant excitation was
demonstrated, showing a single-photon purity of the source. Our results provide important
insights into coherent properties of quantum emitters in hBN, and motivate further spectroscopic

and materials engineering works aimed at improving the optical linewidths of quantum emitters

in hBN.
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Figure 1. a) Cryogenic confocal PL setup. HBT: Hanbury-Brown and Twiss; BS: beamsplitter;
FT: band-pass or long-pass filters; A/2: half-wave plate; Pol: linear polarizer. b) Confocal PL map
recorded with 700-nm laser excitation at 300 uW. The bright spot corresponds to a single emitter.
The measurement was acquired at 8 K. ¢) Normalized PL spectrum taken from the same emitter
at 8 K (blue trace) and 298 K (red trace) with a 300g/mm grating. The green-highlighted box
indicates the collected spectral range for the PLE experiment in figure 2. The inset shows a higher
resolution spectrum taken from the same emitter (with a 1800g/mm grating). d) Second-order
autocorrelation function (red open circles) acquired for the emitter using a 700 nm laser at 100 pW
power as the excitation source, acquired for 5 minutes. The measurement was conducted at 8 K.
The red solid line is the fitting for the g®(0) function using a three-level model convoluted by a
Gaussian jitter response (see main text). The g®(0) value of 0.16 + 0.01, without any background
correction, indicates that the emission is from a single emitter. The blue dash line shows the
response of the three-level system only, yielding g®(0) value of 0.15 + 0.01. A band-pass filter
was used in the measurements of confocal PL in (b) and the photon second order autocorrelation
function (d) to minimize the background PL contribution.
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Figure 2. a) Simplified diagram of the hBN emitter where the excited state can be accessed via
either off-resonance or on-resonance excitation, with the former pathway on the left, and the
latter pathway on the right. Black and grey arrows, indicate excitation towards the higher
vibronic states, followed by vibronic relaxation towards the excited ground state. The green
arrow indicates on-resonance excitation, followed by spontaneous emission denoted by the wavy
red arrow in both pathways. b) Resonance photoluminescence excitation measurements on the
single emitter with a ZPL peak at 766.186 nm. The excitation power used was 150 nW. Only
photons from the PSB were collected using a long pass filter. The experimental data is plotted as
the red trace. Five repetitive scans were averaged out to get the final data. The data was fit with
either a Gaussian function (black solid line). The measurement was done at 8 K. ¢) Additional
survey PLE scans showing multiple local maxima with FWHM below 2 GHz. The grey arrows
show representative spectral features that are not Gaussian, indicating a transition to a dark state.
d) Time-resolved PL measurements (red open circles) of the same single emitter measured at
room temperature. A single-exponential fit gives rise to a lifetime of 3.6 ns for the emitter’s
excited state. The measurement was done with a 675 nm pulsed laser (100 pW, 10 MHz
repetition rate, 100 ps pulse width).
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‘Figure 3. (a) PL intensity vs time for on-resonance (red line) and 2 nm detuned (black) excitation
of the same emitter. The blue dash line represents the cut-off threshold (1800 count/sec) for
calculating Ton and Tofr. The Ton / Tofr ratio was calculated to be 0.47. The data are vertically shifted
for clarity. (b) Histogram of on-resonance time extracted from on-resonance trace of (a). The
calculated average spectral diffusion time, Tavg spec ditf = 102 £+ 65 ms. (¢) Confocal PL map with
the laser staying on-resonance (left panel) and 2 nm detuned (right panel) from the resonance. The
measurements in (a) and (b) were carried out at the excitation power of 150 nW. d) On-resonance
photon second-order correlation function (red open circles) acquired for the emitter at 1 uW
excitation power for three hours. The red solid line is the fitting for the g®meas(0) function using
the Gaussian-convoluted three-level model, resulting in an antibunching dip value of 0.11 £+ 0.01.
The blue dash line concerns the response of the three-level system only, suggesting an
antibunching dip value of 0 + 0.01. All the measurement was conducted at 8 K.
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In this supporting information, we present polarization spectra (figure Sla), and PL saturation

(figure S1b).

To check the polarization of the light emitted from the center, we inserted a rotatable linear
polarizer in the collection path. Figure Sla shows PL plots where maximum (red trace) and
minimum (blue trace) PL intensity were achieved. The visibility of the emitter — an indication of

how polarized the emission is — can be obtained with following expression:
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VIS — Imax—Imin
Imax+Imin

where Imax and Inin are the maximum and minimum integrated emission intensity. A visibility of
unity was determined which indicates that the emission is associated to a single transitional dipole

moment, perpendicular to the optical axis.

The saturation curve for the emitter is shown in figure S1b. A fitting based on the below equation

could be used to extract characteristic information about the emitter:
I = Imaxxp/(P+Psat) (2)

where Iax and Py, are the maximum emission rate and excitation power at which saturation is
reached, respectively. The fit produces values for 7. and Py of 1.3 Mcounts/sec and 1.6 mW,

respectively.
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Figure S1. a) Spectra showing maximum (red trace) and minimum (blue trace) emission

polarization from the emitter and taken with the use of a linear polarizer. The data was taken using

excitation laser power of 300 uW with 5 s acquisition time. The visibility was determined to be at

unity. b) Power-dependent fluorescence saturation curve (red open circles). The fit (solid red line)

produces values of I,ax and Psq: of 1.3 Mcounts/sec and 1.6 mW, respectively. The measurement

was acquired with a band pass filter (760 + 12) nm. All the measurements were conducted at room

temperature.
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