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Single Quantum Dot Selection and Tailor-Made Photonic
Device Integration using a Nanoscale-Focus Pinspot

Minho Choi, Mireu Lee, Sung-Yul L. Park, Byung Su Kim, Seongmoon Jun, Suk In Park,

Jin Dong Song,* Young-Ho Ko,* and Yong-Hoon Cho*

Among the diverse platforms of quantum light sources, epitaxially grown
semiconductor quantum dots (QDs) are one of the most attractive
workhorses for realizing quantum photonic technologies owing to their
outstanding brightness and scalability. However, the spatial and spectral
randomness of most QDs severely hinders the construction of large-scale
photonic platforms. In this work, a methodology is presented to
deterministically integrate single QDs with tailor-made photonic structures. A
nondestructive luminescence picking method termed as nanoscale-focus
pinspot (NFP) is applied using helium-ion microscopy to reduce the luminous
QD density while retaining the surrounding medium. A single QD emission is
only extracted out of the high-density ensemble QDs. Then the tailor-made
photonic structure of a circular Bragg reflector (CBR) is designed and
deterministically integrated with the selected QD. Given that the microscopy
can image with nanoscale resolution and apply NFP in situ, photonic devices
can be deterministically fabricated on target QDs. The extraction efficiency of
the NFP-selected QD emission is improved by 25 times after the CBR
integration. Since the NFP method only controls the luminescence without
destroying the medium, it is applicable to various photonic structures such as
photonic waveguides or photonic crystal cavities regardless of materials.

These QDs are proving their potential as
high-end quantum light sources with out-
standing performance in terms of bright-
ness, efficiency, purity, and indistinguisha-
bility as well as their integrability with opto-
electronic devices.

The performance of these QDs can be
drastically improved via photonic struc-
ture integration, and both spatial and spec-
tral overlap between the QD and the op-
tical mode of the photonic structure is
essential['>%) However, the majority of
QDs with cutting-edge performance are
made by strain relaxation(*-2831] or droplet
epitaxy,?3% which results in a random lo-
cation and emission wavelength of the QD.
Therefore, to deterministically integrate the
QD with a photonic structure, the loca-
tion and emission wavelength of the QD
must be measured and identified first, and
then the appropriately designed photonic
structure can be fabricated accordingly.

Confocal photoluminescence (PL) map-
ping and wide-field PL imaging tech-
niques are the most representative methods

1. Introduction

Quantum light sources are essential building blocks for realizing
quantum photonic technologies'*! and epitaxially grown semi-
conductor quantum dots (QDs)!"=*!l are one of the most attrac-
tive platforms among various solid-state quantum light sources.

in which both spatial and spectral information of QDs are
measured simultaneously at high resolution.?-?431321 How-
ever, it is difficult to identify a single QD when the den-
sity of the QD is too high; for instance, if multiple QDs
are excited by a single focused laser beam, optical signals
from those QDs can be measured at the same time, and
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Figure 1. Concept of the deterministic integration of the selected QD with photonic structure. a) Schematics of site-selective single QD integrated with
CBR structure. b) Procedures of a single QD selection from the ensemble QDs using NFP and deterministic fabrication with the CBR structure.

the information with respect to a single QD cannot be
classified.

Hence, there have been a lot of efforts to form low-density QDs
uniformly during the growth process, and there has been some
success in a few material systems, including GaAs QDs grown
by droplet epitaxy.3*] However, the formation of low-density QDs
based on well-known Stranski—Krastanov (S-K) growth mode,
such as In(Ga,Al)As on GaAs, I1I-N,[** and III-Sb**] QDs, re-
mains a challenging issue. Although researchers intentionally
create a density gradient along the wafer, the selected area of low-
density part is limited.!?] Thus, it is difficult to expect homoge-
nous properties from the QDs across the whole wafer, and the op-
tical characterization and density estimation processes of the QD
become more complicated. Moreover, low-density site-controlled
QDs can be grown by the local strains,*-3#] nanohole arrays,3*40]
or local heating/*!l on the wafer. However, the optical quality of
these QDs are far short of the QDs naturally formed QDs after
strain relaxation.

Hence, if the density of the QDs can be reduced after grow-
ing them and a single QD can be picked at the predeter-
mined position, then it can lead to a sensational breakthrough
for utilizing these high-density QDs from diverse material sys-
tems. Nanoscale patterning followed by mesa etching!??-232 and
micrometer-scale metallic shadow masks!*>*3] have been widely
used to reduce QD density and separate a single QD. However,
a critical issue arises for the mesa etching or metal deposition
processes, in which integration with an on-chip photonic struc-
ture, i.e., photonic waveguide, photonic crystal cavity, and circular
Bragg reflector (CBR), is no longer possible because all the ma-
terials surrounding the QD have already been etched or covered
by the metals.

2. Results and Discussion

2.1. Nanoscale-Focus Pinspot (NFP) Technique

We developed a nondestructive nanoscale luminescence picking
method utilizing focused-ion-beam (FIB) induced luminescence
quenching and termed it as the nanoscale-focus pinspot (NFP).[8]
Here, we use a helium-ion beam due to its high directionality in-
side the crystal structure.[**] Given that we can selectively quench
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unwanted emissions without destroying the photonic structure,
this method can be an optimal solution for high-density QDs to
reduce their luminous QD density and still enable them to inte-
grate with photonic structures in the lateral direction.

In this study, we successfully reduced the luminous QD den-
sity from 40 to 1 pm~2 using the NFP technique and observed
only a single QD emission among the ensemble QDs. The se-
lected single QD location can be predetermined with respect
to the metallic markers on the surface, and the QD can be de-
terministically integrated with photonic structures as shown in
Figure 1a. We first measured the optical properties (i.e., emis-
sion wavelength and polarization) of the selected QD and then
designed and fabricated a CBR accordingly. The extraction effi-
ciency of the identical QD emission was improved 25 times after
integration with the CBR structure.

Figure 1b shows a schematic of the entire process. A mini-
mal reproducible density of self-assembled InAlAs/AlGaAs QD
sample was grown via molecular beam epitaxy in the modified
S-K growth mode.**] The density of the QDs was estimated
at ~40 pm~2 via atomic force microscopy of the top QD layer
(Section S1, Supporting Information). From around this density
or higher, the formation of QDs are stable and reproducible. The
metallic markers are formed on the sample surface via the lift-
off process. Therefore, subsequent experiments of FIB irradia-
tion, optical characterization, and CBR structure fabrication can
be conducted according to the metallic markers. Given the FIB
can image the metallic markers and perform the in situ NFP
process, the reliability of the NFP process is approximately a few
nanometers in scale. The most important advantage of this pro-
cedure is that the dimensions of the photonic structure can be de-
termined with respect to the optical properties (i.e., wavelength
and polarization direction) of the selected QD after the NFP pro-
cess. Therefore, the spectral and spatial overlap between the QD
and photonic structures can be determined deterministically.

2.2. Single QD Selection using the NFP Technique
During the NFP process, we used helium-ion microscopy (HIM),

which has a higher quenching resolution than the conventional
FIB using gallium ions. It is important to note that scanning
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Figure 2. NFP process for a high-density ensemble QDs. a) Optical mi-
croscopy image of the metallic markers and a schematic of a doughnut-
shaped helium-ion irradiation. b) Low-temperature micro-PL mapping of
the NFP-processed emission. c) Line-scan of the micro-PL mapping for
one QD. d) Inner diameter dependent micro-PL spectra of the QD emis-
sion after the NFP process.

electron microscopy (SEM) is not installed inside the HIM equip-
ment, so it is difficult to image the sample with a helium-ion
beam without causing luminescence quenching owing to ion
bombardment. The following is the procedure for determinis-
tic NFP process with respect to the markers. We first imaged
only metallic markers by HIM, confirming the position of the
center of those markers. Then, applied NFP at the center of the
markers without imaging that particular area (detailed process is
described at Section S2 in the Supporting Information). For the
NEFP process, we irradiated the helium-ion beam in a doughnut-
shaped pattern with an outer diameter (d,,,) of 20 ym and var-
ied the inner diameter (d;,) from 0.5 to 5.0 um (Figure 2a). We
used 1.0 x 10 cm™ helium-ion irradiation dose condition to
fully quench the QD emission where the HIM was irradiated
(Section S3, Supporting Information). At this dose, we observed
luminescence quenching followed by a doughnut-shaped irradia-
tion pattern by measuring the low-temperature cathodolumines-
cence (CL) image (Section S4, Supporting Information). It should
be noted that there were no imprints on the surface from the SEM
image. Hence, we can integrate tailor-made photonic circuits for
the chosen QD after measuring the optical properties of the QD
after the NFP process because there is no structural destruction.

The optical properties of the luminous QDs at the center of
the doughnut-shaped irradiation pattern were measured via low-
temperature PL experiments at 7 K. We used a continuous-wave
laser with a wavelength of 532 nm and an objective lens with a
numerical aperture of 0.65 and magnification power of 50x for
the optical measurement. Figure 2b shows the low-temperature
micro-PL mapping result of the QD emission where the NFP pro-
cess was performed with d;, of 1.0 um. The mapping image rep-
resents a spatially resolved QD emission intensity, where all PL
intensities of the QD emission from 640 to 720 nm were inte-
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grated. Based on the mapping image, we can observe the spot-
lighted QD emission after the NFP process, and the full width at
half maximum (FWHM) of the bright spot is #0.750 + 0.005 um
(Figure 2c), which is similar to the excitation laser beam spot. The
PL mapping image of the QD layer without the NFP process is
shown in Section S5 (Supporting Information), where QD emis-
sion is observed throughout. As shown in Section S5 (Supporting
Information), we can apply NFP process in arrays or wherever
we want according to the markers, therefore large-scale multiple
QDs integrated system can be constructed. Figure 2d shows the
micro-PL spectra of the bright spot after the NFP process as the
d,, varies. When the d;, of the irradiation pattern decreases from
5.0 t0 0.5 um, the number of QD emission peaks decreases. Even-
tually, we obtained only a single QD peak after the NFP process
when d,, was 0.5 um. We can adjust the luminous region, not
only a single emission spot, by simply adjusting the irradiation
pattern. Moreover, the process can be done quite fast thanks to
the extremely low dose condition for luminescence quenching,
less than 10 s is taken for 100 um?2. Hence, highly scalable inte-
gration with multiple QDs can be expected.

In addition, we estimate the number of luminescent QDs af-
ter the NFP process depend on the d,, of its irradiation pattern.
From the CL image (Section S4, Supporting Information), we can
treat the actual, or effective, luminescent region after the NFP
process as 0.4 um small than the d,, following the equation,
dog = dy, — 0.4 pm. Since we already know the density of the
QDs, we can estimate the number of QDs remaining lumines-
cent by multiplying the density and area, and the result is rele-
vant to the number of peaks in low-temperature micro-PL spectra
(Section S6, Supporting Information).

Furthermore, we undergo the same process on the self-
assembled InAs/InP QDs which have emission wavelength in
telecom O-band, and extract a single QD emission from the en-
semble QDs (Figure S7, Supporting Information). In this regard,
we can confirm that the NFP process is applicable for various
solid-state QDs regardless of their material systems.

Figure 3 shows the optical characterization of the selected sin-
gle QD emission after the NFP process. Here, we used a pulsed
laser with a wavelength of 532 nm using the second-harmonic
generation of a Ti:sapphire laser pumped optical parametric os-
cillator system. Figure 3a shows the highly resolved QD emis-
sion spectrum, where FWHM is 128 + 2 ueV from the Voigt-
functional fitting. Since we can only measure the ensemble QDs
emission before the NFP process, we are not able to compare
the linewidth of the identical QD emission before and after the
NPF process. However, in a previous study, we have shown that
the linewidth of the QD emission does not change after the NFP
process from the site-controlled single QD emission.[?]

Figure 3b shows the power-dependent PL intensity of the QD
emission. Specifically, the PL intensity represents the integrated
QD emission spectra after Voigt-functional fitting. The power de-
pendence follows the relationship: I(P) = I, (1 — Aexp(—P/P,)).
We can clearly observe a one-to-one proportionality of the exci-
ton emission at the lower excitation power region, and the emis-
sion intensity is saturated at the high excitation power region,
I, which corresponds to the brightness of the QD. Figure 3c
shows the time-resolved PL signal of the single QD emission,
and the lifetime is obtained as 835 + 5 ps from the exponential
decay functional fitting, I(t) = I,exp(—t/r), where r denotes the

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

85U8017 SUOWIWOD SAEa.D 3deotdde 8L Ag peusenob a1 sajole YO ‘S JO So|NI Joj Akeiqi8UIIUQ AB]IA UO (SUONIPUOD-PUB-SWS)ALI0O"AB | 1M Aled 1[pul [UO//SANL) SUORIPUOD Pue SWLB | 8U1 89S *[7202/20/ST] U0 Afeiqi8uliuo A8]IM ‘JO @Imiisu| feuolieN Ues|n Aq 299012202 eWPpe/Z00T 0T/I0p/u0d A3 1m Aeiq1jeuluo//Sdny Woy pepeojumod ‘9z ‘€202 ‘S60rTZST



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

(a)

—— .
’;1.0-7K -
s FWHM =
2 B 128 + 2 peV
@ 05} <— -
zE | ]
. L
o 1 . L a2

1.894 1.896 1.898

Photon energy (eV)

—
(2)
N

1.90

-
o

Normalized
©

PL intensity (a. u.)

Decay time (ns)

0 1
7K

1 s

2

—
D
S

Time (min)

o

1.894 1896 1.898 1.900
Photon energy (eV)

PL intensity (a. u.)

www.advmat.de

(b)

4l T T -
= F'7K !
3. :: : ==~- -
& b =
> F! 1.03 !
_-5 : x P :,: :
== fmls = e S - s v s s
ol TR - !
£ L z 1
L T 1
7 - wl
0.1 1 10

(d)

Polar angle (°)

(f

S
-
-
-
=

Coincidence

40 20 O 20 40
Time delay (ns)

Figure 3. Optical characterization of a selected single QD after the NFP process. a) High-resolution micro-PL spectrum of a single QD emission. b)
Power-dependent PL intensity of a single QD emission. c) Time-resolved PL intensity of a single QD emission. d) Polarization dependence of a single
QD emission. €) Long timescale spectral diffusion of a single QD emission. f) Second-order photon correlation of a single QD emission.

lifetime. Figure 3d shows the linear polarization dependence of
the single QD emission, and we can observe that there is no sig-
nificant degree of linear polarization of the QD. A lot of photonic
devices, i.e., waveguide, cavity, have certain mode corresponding
to their wavelength and polarization direction. Hence, it is crit-
ical to figure out what is the emission wavelength and the po-
larization direction of the QD before designing and integrating
the photonic structure accordingly. For the ensemble QDs, it is
difficult to distinguish the single QD emission properties at de-
sired position, because all the signal is contaminated by the adja-
cent QD emitters. On the contrary, we can measure those optical
properties of a single selected QD after the NFP process. More-
over, we can apply magnetic field to the selected single QD after
the NFP process to investigate the origin of the emission and the
fine-structure splitting value (Section S8 (Supporting Informa-
tion), for different QDs from Figure 3).[40]
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Figure 3e shows the spectral diffusion of the quantum emis-
sion over a longer timescale compared to that of the linewidth.
We measure the QD emission spectra 120 times with 1 s for each
spectrum. We can clearly see that there is no blinking, and from
the Voight-functional fitting of every 120 spectra, we can extract
the standard deviation of the peak position and integrated inten-
sity of the QD emission. As a result, the standard deviation of
the emission energy was ~2.0 ueV over 120 s, which is negligible
compared to the spectral resolution of the measurement setup of
~100 peV. Also, the standard deviation of the integrated intensity
of the QD emission is ~1.8%. Hence, we can conclude that there
is no degradation in the coherence properties of the QD emission
after the NFP process in terms of short and long timescale.

Figure 3f shows the second-order photon correlation of the QD
emission. Under pulsed-laser excitation, the correlation follows
the formula g (t) = Y. A,exp(—|t — t;|/7) , where t denotes the time
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Figure 4. Temperature-dependent optical characterization of ensemble QDs and a single QD after the NFP process. a) Micro-PL spectra of ensemble
QDs emission without the NFP process. b) Temperature-dependent PL intensity of ensemble QDs emission without the NFP process. c) Temperature-
dependent radiative (black) and nonradiative (red) recombination rate of ensemble QDs emission without the NFP process. d) Micro-PL spectra of a
selected single QD emission after the NFP process. e) Temperature-dependent PL intensity of a selected single QD emission after the NFP process. f)
Temperature-dependent radiative (black) and nonradiative (red) recombination rate of a selected single QD emission after the NFP process.

delay and 7 denotes the effective recombination time. The auto-
correlation of the QD emission at zero time delay, g? (t = 0), is
~0.19 + 0.06. A value below 0.5 is evidence of a single-photon
source. As shown in Figure 2d, we selected a single QD emis-
sion from the ensemble QD emission after the NFP process by
measuring the spectrum. Here, we can confirm that the single
QD emission is truly a single photon emission by measuring its
autocorrelation. The single-photon purity of the QD emission is
greater than 0.8 after the NFP process, and the remaining multi-
photon events are less than 0.2. The measured single-photon pu-
rity can be further improved by optimizing the growth process
(i-e., the absence of a wetting layer)[?’! and optical characteriza-
tion process (i.e., resonant excitation).[*]

2.3. Quantum Efficiency of the Selected QD from the NFP
Technique

We successfully selected a single QD emission from high-density
QDs and discussed its coherence properties. In Figure 4, we fo-
cus on the internal quantum efficiency of ensemble QDs and a
single QD after the NFP process. Given that the NFP process se-
lectively quenched the luminescence from undesired areas, there
might be an influence of surrounding defects on the selected
emitter. Therefore, we compared the temperature-dependent PL
intensity and lifetime of the QD emissions before and after the
NFP process. Before the NFP process, it was not possible to iden-
tify a single QD emission; therefore, we measured the ensem-
ble QD emission at three different positions and statistically ana-
lyzed the results (Figure 4a—c). Furthermore, we identified a sin-
gle QD emission after the NFP process; therefore, temperature-
dependent PL intensity and lifetime were measured for a selected
single QD after the NFP process of the doughnut irradiation with
an inner diameter of 0.7 pm (Figure 4d-f). Additionally, we se-
lected a few QD emissions using the mesa-etching process and
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measured the temperature-dependent PL (Section S9, Support-
ing Information) to compare the results with the NFP-processed
QD.

Figure 4a,d shows the temperature-dependent micro-PL spec-
tra of the ensemble QDs and single QD emissions before and
after the NFP process, respectively. Correspondingly, Figure 4b
shows the integrated PL intensity of all the ensemble QD emis-
sions depending on their temperature, whereas Figure 4e shows
the temperature dependence of the single QD emission inten-
sity after the NFP. The results strongly follow the Arrhenius plot,
I(T) = I,/(1 + Aexp(—E/kyT)), where E, ky, and T denote the es-
cape energy to the nonradiative channel, Boltzmann constant,
and temperature, respectively. Based on the fitting, we can define
and extract the effective internal quantum efficiency (QE.4) as the
relative emission intensity ratio of the QD between 70 and 7 K,
QE. ¢ = Lok / Ik, and compare the values of the pristine ensemble
QDs and single QD after the NFP and mesa-etching processes.
The QE, g value of the pristine ensemble QDs is ~0.60 while the
values of the single QD after the NFP and mesa-etching processes
are 0.62 and 0.04, respectively (Section S9, Supporting Informa-
tion). We can clearly observe that the internal quantum efficiency
of the selected QD after the NFP process is significantly higher
than that of the QD after the mesa-etching process. The large dif-
ference between the NFP and mesa-etching process is plausibly
due to the absence of etched surface states after NFP.[*’] Con-
versely, the QE. 4 values of the single QD after the NFP process
are almost similar to those of the pristine ensemble QDs; there-
fore, we can conclude that the NFP process does not affect the
internal quantum efficiency of the selected QD emission, which
is similar to the coherence property discussed in Figure 3.

To further investigate the carrier dynamics inside the sin-
gle QD after the NFP process, we measured the time-resolved
PL at different temperatures from 7 to 90 K (Figure 4cf).
We extracted radiative and nonradiative recombination rates
from the measured lifetime using the following formula:
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kmcasurcd(T) = krad(T) + knonrad(T); kmcasurcd = 1/Tmcasurcd; IQE =
krad/(krad + knonrad)’ where kmeasured’ krad’ and knonrad denote

the measured, radiative, and nonradiative recombination rates,
Toeasured denOtes the measured lifetime, and IQE denotes the
internal quantum efficiency obtained from the temperature-
dependent PL intensity (Figure 4b,e). Based on this formula, we
can successfully separate the radiative and nonradiative recom-
bination rates from the measured recombination rates at each
temperature. The results show that the radiative recombination
rate is almost constant at varying temperatures, which is a char-
acteristic of 3D-confined QD emission, whereas the nonradia-
tive recombination rate increases at elevated temperatures. Non-
radiative recombination became dominant from 80 K for both
nontreated reference QDs and single QD after the NFP process,
which implies that there was no degradation of the QDs after the
NFP process in terms of quantum efficiency and radiative carrier
recombination process.

2.4. Tailor-Made Photonic Structure Integration with the Selected
QD

We have shown that the NFP process enables the selection of
a luminous single QD from high-density QDs and does not de-
grade its coherence properties and quantum efficiency. Above all
those advantages, structural nondestructiveness is the most im-
portant aspect of the NFP process wherein on-chip integration is
still available unlike the mesa etching process. Here, we demon-
strate the deterministic integration of a selected single QD with
a CBR following the procedure above (Figure 1b). Here, the sam-
ple has AlGaAs sacrificial layer of high-Al contents, we can selec-
tively wet etch the layer and form a free-standing structure (Sec-
tion S10, Supporting Information). Given that we know the po-
sition of the NFP-processed QD with respect to the markers, we
are able to realize a spatial overlap between the QD and photonic
structure. Additionally, the optical properties of the selected QD
after the NFP process can be measured first, followed by the de-
sign and fabrication of the tailor-made photonic structure for the
selected QD can be performed afterward; therefore, the spectral
overlap between the QD and photonic structure can be realized
(Section S12, Supporting Information).

Specifically, we selected the CBR structure for integration
with the selected QD after NFP. The CBR structure was
adopted for various quantum emitters to improve their extrac-
tion efficiency.*®*1 In most cases, these QDs are surrounded by
a high-refractive-index medium,; therefore, a large portion of the
emission cannot escape the host medium and is difficult to be
collected by free-space optical systems. Hence, we measured the
brightness of the identical single QD emission before and after
CBR structure integration and determined the improvements of
the extraction efficiency after integration. CBR is fabricated by
the following process: after the NFP process and optical charac-
terization, aligned electron-beam lithography with respect to the
metallic markers followed by reactive ion etching with chlorine-
based gases, and the wet etching undercut process using HF so-
lution provides a freestanding CBR structure that contains the
selected QD at the center.

Figure 5a shows an SEM image of the freestanding AlGaAs
CBR containing InAlAs QDs. Figure 5b shows the simulated far-
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field irradiation pattern of the QD coupled with the CBR struc-
ture, while the inset image shows the result from the QD be-
fore CBR fabrication. Highly directional Gaussian-like irradia-
tion from the QD coupled with the CBR structure can be ob-
served, which clearly differs from the QD inside a planar struc-
ture. Figure 5c¢ shows the simulated extraction efficiency of the
QD emission with respect to the numerical aperture (NA) of the
collecting optics. The calculated extraction efficiency of the QD
coupled with the CBR structure is ~0.44 with a collecting system
of NA 0.65 that we used. This can be doubled when we collect
upward and downward emissions by implementing a reflector at
the bottom, i.e., a distributed Bragg reflector. For comparison, the
calculated extraction efficiency of a single QD in a slab structure
before fabricating the CBR structure was x0.0053. Therefore,
the extraction efficiency of the QD emission was enhanced by
~80 times with CBR coupling.

Figure 5d shows the micro-PL spectra of the selected single QD
after the NFP process with and without CBR structure integra-
tion under the same excitation condition with a 532-nm pulsed
laser at 7 K. By comparing the optical properties of an identical
QD before and after the CBR structure, it is straightforward to
discuss about the extraction efficiency enhancement after CBR
structure integration. Here, we precisely verify and calibrate the
optical measurement setup between two measurements of before
and after CBR structure fabrication by measuring the reference
QD sample (Section S13, Supporting Information). Therefore,
we can clearly conclude that the intensity of the QD emission is
significantly improved owing to coupling with the CBR structure
(Figure 5d). From the 2 x 2 arrays of selected QDs, separated by
14 pm to each other, we successfully integrated those QDs with
tailor-made CBR structures and they all showed significant PL
intensity enhancement up to 80 times (Section S13, Supporting
Information). The different enhancement factor between each se-
lected QDs can be originated by the different CBR designs at the
QD emission wavelength (Section S12, Supporting Information).
We can also notice that the peak position of the QD coupled with
the CBR structure undergoes a redshift, and it is expected to be
due to the strain change on the QD with the freestanding struc-
ture.

Figure 5e shows the PL peak intensity of the QD emission
before and after the CBR structure integration. In order to fo-
cus on the extraction efficiency of the fabricated CBR structure
and rule out the other factors, i.e., field localization and life-
time, we measured the pulse excitation and power-dependence
of the PL emission and look into the saturated intensity. After
the CBR integration, the PL intensity will vary at low excitation
power due to the Purcell enhancement, but at saturated inten-
sity, we can compare only the extraction efficiency before and af-
ter the CBR structure integration. Then we measured lifetime
directly from the time-resolve PL. In Figure 5e, we fitted the
power-dependent PL intensity with the following function, I(P) =
I(1 — A exp(—P/Pg,)), the saturated intensity I, which cor-
responds to the brightness of the QD emission, was enhanced
by 29.5 times (from 190 to 5610) and 24.8 times after the cali-
bration. The enhancement factor is of the same order as the cal-
culated value of 80, whereas some difference may be originated
from an imperfection of designed fabrication. For the other se-
lected QDs in the 2 X 2 arrays, we also achieved the average en-
hancement factor as 11.2 (Section S13, Supporting Information).
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Figure 5. Deterministic integration between a selected single QD after the NFP process and a CBR. a) SEM image of a CBR. b) Optical simulation of a
far-field irradiation pattern of a single QD in a CBR structure. The inset image denotes the far-field irradiation pattern of a single QD in a slab structure.
c) Calculated extraction efficiency of a single QD in a CBR structure and a slab structure. d) Low-temperature micro-PL spectra of an identical single QD
emission before and after the CBR integration. Note that the y-axis scales are different for two cases. e) Power-dependent PL intensity of the identical
single QD selected by the NFP process before and after the CBR integration. f) Time-resolved PL intensity of the identical single QD selected by the NFP

process before and after the CBR integration.

The results clearly show the deterministic integration of this
method.

Figure 5f shows the time-resolved PL intensity of the QD emis-
sion before and after the CBR structure integration. From the ex-
ponential functional fitting, the lifetime of the QD emission be-
fore and after the integration has measured as 940 and 720 ps,
respectively. Here, the QD emission is measured under low-
temperature, and the QD is far apart from the etched surface,
therefore we can consider the measured lifetime as a radiative
term. Therefore, the radiative recombination rate enhancement,
so called Purcell enhancement, has measured as a factor of 1.3.
This value is much lower than the common photonic cavity struc-
tures with high quality factors and small mode volume. However,
we designed the CBR structure as optimized for high direction-
ality with large mode effective mode are of about (0.7/4)%. As a
result, the expected Purcell enhancement factor is around 9-15
(Section S11, Supporting Information), and the value is not much
difference from the measured value of 1.3. The ensemble QDs,
without the NFP process, also shows the Purcell enhancement
factor from 1.1 to 2.2 after integrating with CBR structures
(Section S14, Supporting Information).

Moreover, we can crosscheck the measured Purcell enhance-
ment factor from the measured PL intensity and brightness of
the identical QD before and after the CBR structure integration.
At the same excitation laser power, the Purcell factor can be un-
derstood as the local enhancement of excitation field.>*! There-
fore, the effective excitation power density is enlarged under Pur-
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cell enhancement. And at the low-excitation power regime, the
QD emission intensity is linearly proportional to the excitation
power. Hence, we can setup the measured PL intensity as the fol-
lowing equation, I-pr/Iy = (Hcpr/Mo) X (To/Tcpr), Where the n and
7 are the extraction efficiency and lifetime. From the 2 X 2 arrays
of selected QDs, an average of the measured PL intensity ratio,
Icgr/1y is about 24.8, while the measured extraction efficiency en-
hancement and the Purcell factor are about 11.2 and 1.64, we can
verify the measured values are plausible.

3. Conclusion

We have developed the effective and scalable method for build-
ing low-density and site-controlled quantum emitters by utiliz-
ing FIB-induced luminescence quenching. This NFP process en-
ables single-QD selection from high-density ensemble QD emis-
sion without degrading its coherence properties and quantum
efficiency. Having a single QD at the predetermined position is
an important asset for large scale quantum photonic technolo-
gies. Also reducing the QD density can provide more room for
diverse material systems, and alleviate the epitaxially growth con-
ditions. Most importantly, the NFP process does not destroy its
surrounding medium and only selectively quenches its lumines-
cence site. Therefore, on-chip integration includes not only a
CBR, but also waveguides and photonic crystal cavities available
after the NFP process. When the size of the optical interaction
between the QD and circuit becomes larger, the meaningfulness
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of the NFP process increases. For the deterministic integration,
hybrid integration between the prefabricated photonic structures
and the selected QDs using pick-and-place techniques are widely
adopted.’!l However, there always exist the coupling loss issues,
and the it is not well-suited for large-scale integration with hun-
dreds and thousands number of QDs. In our work, by using the
NFP process, we can provide arrays of selected QDs at any po-
sition regarding to the premade markers. Hence, we can create
a large-scale multiple QDs integrated photonic circuits by using
this technique.
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