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in photonic-based quantum information processing. There is stfpn

ABSTRACT: Solid-state quantum emitters (QEs) are fundamentatiAl \II,, v
of [ J,fri
interest to develop high-quality QEs in llI-nitride semlconducths N LA 2

because of their sophisticated manufacturing driven by large-arig=—===== -

growing applications in optoelectronics, high voltage power S s
transistors, and microwave arepdi. Here, the generation ak .

direct integration of QEs in an aluminum nitride-based pho R

integrated circuit platform is reported. For individual waveguide- '
integrated QEs, an-ghip count rate exceeding &0 counts per [ e
second (cps; saturation rate >8.60% cps) is measured at roo N & SRR
temperature under continuemave (CW) excitation. In a g@(1)
unpatterned thinkm sample, antibunching wig?(0)  0.08 SN\

and photon count rates exceedimrgl8P cps (saturation rate X1

10C° cps) are measured at room temperature under CW excitation. Although spin and detailed optical line width measurements a
left for future work, these results already show the potential for high-quality QEs monolithically integrated in a wide range of Ill
nitride device technologies that would enable new quantum device opportunities and industrial scalability.

KEYWORDS:thin- Im aluminum nitride, quantum emitters, photonic integrated circuits, single photons, wide-bandgap semicond
guantum photonics

emission are central building blocks for photonic-baseattention as potential host materials for guantum emitters due to
quantum communication and quantum computatiGver their single-crystal heteroepitaxy of timmmaterials or the
the past decade, crystal defect centers in wide-bandgmssibilit;/ to be integrated into any PIC platform in the case of
semiconductors have emerged as excellent solid-state QELDMBN'' Theoretical calculations show that AIN can serve as a
particular, a variety of color centers in dianftntH silicon stable environment for hosting well-isolated QEs with optically
carbide (SiC}? and 6H Si¢°have been demonstrated to have addressable spin stdfethough experimental demonstrations
stable optical transitions coupled to long-lived spin grourfef such QEs are outstanding. In contrast to diamond or SiC,
states at room and cryogenic temperatures, resulting in spiich have strong covalent bonds, AIN is an ionic crystal with
dependent single photon emission. The spin-photon interfaBtéZoelectric properties that magrostrain-based acoustic
provides access to electron spin states or indirectly to nucl€&@ntrol for guantum spins. _
spin states, which can serve as quantum memories for quantyN 1S vlwdely used in optoelec';ror?ﬂ:smgh power
information processig?and quantum-enhanced sen€ing. electronic§; and microelectromechanical systémesulting

Although these QEs in diamond and SiC have the Ieadir% a_larg_e, continuously expanding in,dustr.y, bolstered by mature
properties among solid-state emitters, there is a lack of acfiggrication and growth technologiessdiitical transparency

-y ; ; ded at the short-wavelength side by an exceptionally large
chip-integrated photonic components and wafer-scalenthin- 'S 20UN _ )
single-crystal diamond or SiC on low-index insulator, whidhft"dgap of 6.015 eV (corresponding to ultraviolet) and extends

limit the scalability of montblic quantum information
processing architectures in these materials. Hence, thereR@seived: August 8, 2020 (Phétonics
increased interest in exploring QEs in other material systefmgPlished: September 21, 2020
that can support both high-quality QEs and monolithic

integration of wafer-scale photonic integrated circuits (PICs).

Recently, alternative wide-bandgap materials, such as two-

dimensional hexagonal boron nitride (2D hBNjallium

Q uantum emitters (QEs) with on-demand single photomitride (GaN)+> and aluminum nitride (AINj have attracted

© 2020 American Chemical Society https://dx.doi.org/10.1021/acsphotonics.0c01259
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Figure 1.Quantum emitters in aluminum nitride integrated photonics. (a) Scalable AIN-on-sapphire photonic integrated circuits with integrated
qguantum emitters. Black inset: Wurtzite crystal structure of aluminum nitride (yellow: aluminum atom, black: nitrogen atom). Blugi@set: Microsco
image of the fabricated QE-integrated waveguides, where the grating couplers are used for visual femettededtoinging. (b) Atomic force
microscopy of a sample before and after annealing. Cut-out 1 indicates the hexagonal structure of the nanocolumns is maintained-after annealing.
out 2 shows slight coalescing of the Ati\columnar structure and improved orientation alignmenttaxiseindicating an improved crystallinity

to the AIN Im. (c) Close-up cross-section of the single-mode AIN-on-sapphire waveguide, which is 450 nm in width by 200 nm in height. The
guantum emitter is embedded within the AIN waveguide (not necessarily in the exact center as shown).

to the mid-infrared spectrdfits high thermal conductivity ( We investigated dirent annealing recipes with maximum

= 285 W/mK) and small thermo-optic cogent (dvdT = temperatures between 5@and 1000C. As seen from the
2.32x 10°°K®Y) enable AIN devices to operate with long-termatomic force microscope scans-igure b, the 1000°C

optical and physical stabifityThe wide bandgap and the annealing reduced the root-mean-square surface roughness 5-
availability of highly crystalline AIN thims grown on low-  fold from 2.724 to 0.541 nm. The nanocolumns maintain the
index sapghire substrates have enabled excellent AIN-baseditagonal crystal structure after annealing, indicated in the
platforms?° with a wide variety of nonlinear opticalats  cutouts inFigure b, suggesting that the sample polytype
such as parametric frequency convefsismmn/di erence remained wurtzite.

frequency generatidhelectro-optic modulatiéh,and fre- We characterized these samples by photoluminescence (PL)
quency comb generatidridere we report on two types of imaging in a confocal microscope setup using 532 nm laser
bright room-temperature QEs emitting in the orange visiblexcitation (Coherent Verdi G5 laser, power before the objective
spectrum, integrated in a scalable AIN-on-sapphire PIC1 mWw)through a 0.9 NA microscope objective (Nikon). The
platform, as shown conceptuallyFigure &, made possible PL was Itered with a 560 nm long-pakier and detected with

by overcoming several material and processing challenges. Veltanche photodiodes (APDs by Excelitas) via single mode
established fabrication processes for AIN PICs shown ibers. These measurements showed a spatially uniform PL
previous worké*>*®enable engineering of QE-based quantunbackground, but no resolvable isolated QEs, for AIN samples

photonic devices tailored to any application needs. annealed up to 70C; this background PL is reduced more
than 100-fold and QEs are detectable in samples annealed at
RESULTS AND DISCUSSION 1000°C, which is the material processing condition used for the
Material Processing and Quantum Emitter Creationin ~ Samples that are studied in the rest of this work.
AIN. Our studies used wurtzite-phase AIN thiron sapphire The observed PL background reduction in combination with

(Al,O; Kyma Technologies, Inc.) with an AIN thickness of 20dhe lower surface roughness suggests an improved crystal
nm. These samples were grown by plasma vapor depositiorséfcture, characterized by higher-uniformity nanocolumns. We
nanocolumns (PVDNC) with a macro defect density of less thd@ntatively attribute the reduced background to fewer unwanted
10 per crfi The crystal orientation is along dfais (00.% defect centers in the bulk and on the surface of the material. In
0.2), as indicated in the black insefigure A. summary, the 1000C annealing is required for both

To create vacancy-based emitters, we ion-implanted tBgppression of the unwanted background photoluminescence
sample using a He ion microscope (Zeiss ORION NanoFab) &g well as to facilitate the formation and activation of quantum
a He ion uence of around ¥dons/cnt with an accelerating — emitters following He ion irradiation.
voltage of 32 keV, followed by annealing in an argon Spectral Analysis of Quantum Emitters. The room-
environment at ambient pressure, which prevents AIN surfaégnperature PL scan of a representative AIN sample after 1000
oxidation that occurs in ambient air at temperatures above 700 annealingHigure 2) shows a dark background with bright,
°c? micron-spaced bright spots. Analysis of the PL spectra, photon
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ion-related impurities in sappffirdat we Iter in following
measurements with a 690 nm short-ess
We performed low-temperature PL measurements to study
phonon coupling characteristics in a closed-cycle helium
cryostat (Montana Instruments) with a built-in confocal
objective (NA = 0.9), and we used the same 532 nm laser for
excitation and APDs for detection as previously $tapeck
2b,d shows low-temperature PL spectra of a type A and B QE,
respectively, at 5 and 150 K. While the type B emitter shows a
resolvable zero-phonon line (ZPL) peak for all temperatures, the
ZPL for the type A emitter is not resolvable and overlaps with
the sideband at high temperatures (>30 K). Common to all 5 K
spectra is a strong ZPL peak, accompanied by a red-shifted
satellite peak.
The temperature dependence of the ZPL line width gives
Figure 2 Spectral analysis of quantum emitters in kininv-AIN. (a) information about the interaction between the defects and host
Quantum emitter density in a 28 x 25 m area (white scale bar: 5  Crystal lattice, as well as the emitter dephasing mechanisms.
m). Two types of emitters with orthogonal polarization states areigure 2 shows the temperature dependence of the emitter line
identi ed, labeled d\” and“B". (b) Temperature-dependent PL width approximated from Lorentzias for a type B emitter.
spectra of a representative type A quantum emitter (black, 5 K; red, {3k determine a line width of 0+16.01 nm at 5 K, which is not
K; orange, 295 K), with the zero-phonon line (ZPL) indicated for the imited by the spectrometer resolutior0.07 nm). AT3

K spectrum. (c) Temperature dependence of the type B quantul 1 ~tion ts the line width broadenin T ;
; \ ; ) g with increasing
emittets ZPL line width. (d) Temperature-dependent PL spectra of mperature, similar to the silicon vacancy (SiV) and other

representative type B quantum emitter (black, 5 K; green, 150 K; b|l.? . !
29% K), with thengL ir?dicated for the 5(K spectrumg. §éfects in diamortd.The T® dependence results fromid

uctuations caused by phonon-induced dislocations of crystal
defects and color centersllowing us to conclude that these
AIN QEs are point defects.
statistics, emission lifetime, and polarization reveal these spots fbhe Deby8Waller factor (DWF) indicates the extent of
be two orthogonally polarized classes of QEs féieded‘B” electrosphonon coupling for the emitter. We estimate it from
(seeFigure 8), as detailed next. DWF =lzp/ Itot1, Wherd,p, is the ZPL PL emission drgdr =

At room temperature, both types of QEs emit in a broadizp, + IpsgiS the total PL emission calculated by combining the
spectrum covering from 580 to 650 nm, as seen in the curvBL PL emissidgp, with the phonon broadened Bk Here,
labeled as 295 K kigure B,d (spectra taken with Princeton we t the ZPL and PSB peaks with separate Lorentzian
Instruments Isoplane SCT320 spectrometer with a resolutionfoinctions. At cryogenic temperatures, we determine the DWF to
0.07+ 0.01 nm). The lines at 1.79 eV are caused by chromiutme 15+ 2%.

Figure 3Photophysical properties of emitters. (a) Graphical illustration of a three-level system. (b) Excited state lifetime nteasuithraents
single exponential decay function, showing an excited state lifetitn® df 8sifor type A emitters (orange) and-1071 ns for type B emitters

(blue). (c; Top) PL intensity saturation response of a type A emitter exceeding 1 million counts per second at saturation, with a satusation power of 1

mW (data with orangé). The data with black shows the associated background. (Bottom) Ef{®)fas a function of excitation power, showing
the high single photon emission purity up to twice the saturation power. Red line indicatesf tff&(6)i00.5, indicating single photon emission.
(d) Polar plots of PL as a function of linear excitation laser polarization. The emitters are split into two classes of emitters: one wiitied linearly ori

emission polarization orthogonal to the excitation spectrum (type A) and one with a linearly oriented emission polarization paradbel to the excitat
(type B). (e; Top) long-time photostability of a type A emitter. The emitter did not show any evidence of blinking or bleaching during the course of the

experiments. (Bottom) photostability of a type B emitter, showing blinking at subsecond time scales.
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Figure 4 Photon statistics characterization of quantum emitters. Continuous wave excitation second-order autocorrelation higf8¢am with (a)
=0.08t 0.06 for atype A emitter and @) (0) = 0.09+ 0.08 for a type B emitter. (c) Pulsed excitation second-order autocorrelation histogram for a
type A emitter witf?(0) = 0.05+ 0.002. (d) Power-dependent second-order autocorrelation histograms for a type A emitter. Power-dependence of
the reciprocal values tting parameters (ejand (f) ,in the second-order autocorrelatisnThe plots are linearkyed (orange) and rect the

decay rates of the excited and metastable states, respectively. (g) Power-dependdirge mdrtraeter, which is representative of the
nonradiative transitions via the metastable state. (h) Power-dependence of the decay ratioyedastiedatio between the decay rate from the

excited state to the ground state compared to the sunrsff@tler decay rates from the excited state.

Photophysical Characterization of Emitters. Next, we ometer.Figure 4,b shows the normalized second-order
measured thauorescence lifetime of our emitters. We can usautocorrelation histograms for representative type A and B
the single exponential equatigh exp&t/ ) for tting the emitters, respectively, under 532 nm, 1 mW CW excitation at
time-dependent PL intensity for the single state decay, in whittom temperature. The type A emitteff®) = 0.08+ 0.06,

represents the lifetime of the excited Statere ® shows the  while the type B emitter hg®(0) = 0.09+ 0.08, conrming
excited state lifetime measurement using a pulsed excitatfbat the emission is predominantly single-photon emission for
laser with a central wavelength of 532 nm, 10 nm bandwidtoth types of emitterg?(0) < 0.5). The histogram Figure
pulse length of 1 ns, and 39 MHz repetition rate. The singléa indicates a strong bunching ned, whereas the histogram
exponentialt indicates an excited stigtdifetime of 3.3 0.1 in Figure & has weak bunching. This photon bunching feature
ns for the type A emitter and £.0.1 ns for the type B emitter. Suggests the presence of a dark metastablegtateé shows

Figure @ shows the polar plots of the excitation-po|arizati0nsecond-0rder autocorrelation histogram of a representative type

dependent PL intensity (without background subtraction) of* @mitter under pulsed excitation at room temperature, with the
both types of emittersted with a quadratic sinusoidal laser set at a central frequency of 532 nm, 10 nm bandwidth, and

function sif{ + ), where the angular parametegpresents 26 MHz repetition rate. Pulsed excitation resulted in a further

the rotation of the linearly polarized pump laser eeptesents imKrove_d slingle Iphotlon pgriltygif(O) = O'OSiI O_.OOﬁ. bunchi
the orientation of the emitter relative to an arbitrary axis. Bo typical two-level model does not explain the bunching

types of emitters are shown to be single linearly polariz &hawor near = 0 in the second-orde( autocorrelan_on
dipoles. Type A emitters kaexcitation and emission istograms. We therefore adopt the next-simplest level diagram

T . . own inFigure &: a three-level system with pump-power-
polarizations orthogonal to each other, while type B em'tte(?lé(;e’j'f)endenttransition rates. This models the essential features we
S

have excitation and emission polarizations parallel to each ottb erve and allows a comparison with other well-studied

We also compared the photostability between the two types itters.Equation 1shows the three-level model faing
emitters, using a 532 nm, 1 mW continuous-wave (C e experimentg?( ) data:

excitation over 5 min of continuous acquisition. As shown in
Figure 8, the type A emitters exhibited stablerescence P | [
emission over the course of more than 5 min without any 9() =151+ )exp o toexXpg

L . . 1
blinking or bleaching. However, the type B emitter showed 2 @
blinking at subsecond time scales. where 4, ,, and are the excited state lifetime, metastable state

Photon Statistics Characterization of Emitters. We lifetime, and tting parameterigure 4 shows the power-

measured the second-order autocorrelation photon statisticsdefendent second-order autocorrelation histograms for a type A
the emitters with a Hanbury Brown Twiss (HBT) interfer- emitter, which are used to evaluate the electron dynamics. We
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Figure 5.Photonic integration of emitters. Confocal PL scan of an AIN waveguide populated with quantum emitters throughout, with (a) confocal
collection and (b) waveguide collection for detection. The circled emitter is the emitter that is studied in the photon-intensity correlation
measurements. (c) Cross-correlation measurement of the emitter under 532 nm excitation between the photons collected via the confocal setup
the photons collected through the waveguideg@{f) = 0.17+ 0.07, corrming the photons collected from the waveguide while exciting the
emitter originates from the emitter. (d) Autocorrelation measurement of the emitter via waveguide collectigfi @)y, @th+ 0.08. (e) PL

intensity saturation response of an emitter with waveguide collection, with counts exeeé@ing$ 4t a saturation power of 2.3 mWw. (f)
Conceptual diagram of an AIN PIC with distributed Braggoes aslter (green) and directional extor (red), as well as a grating coupler (blue)

for the dense population of read-out channels on the chip. Insets are SEM micrographs of the fabricated structures, with scale bars in each being 2

mainly focus on a type A emitter for these measurements dueto g em
its photostability compared to type B emitters, as shown in ~— ~— .
Figure 8. ge  =mg “)

Fitting parametey, describes a two-level system, representetthe stronger the bunching, the higher the probability of
by the sum of the transition rates of an electron between thetersystem crossing. Furthermore, the smallgrttieemore

ground state and a single excited $tate: the emitter behaves as a two-level system.
Figure # shows as a function of excitation power the decay
1 - ratio, dened as the ratio of the decay rate from the excited state
. ® = @) to the ground state versus adit order decay rates from the

excited state (decay rate from the excited state to the ground
where 4 is the excitation rate from the ground $gate the state and decay rate from the excited state to the metastable
excited statfe and .4 is the radiative decay rate from the state). The decay ratio from the excited state to the metastable
excited statle to the ground stafg , as shown iRigure 3. state is constant for an ideal three-level model. Our experimental
Figure € shows a plot of versus excitation power, which can decay ratio versus power agrees with that, showing that the
be linearly approximated as indicated by the ottangs zero three-level system describes the type A emitter well and higher
excitation power gives the lifetime of the excited®state. order level transitions can be neglected. _
Hence, the lineat in Figure 4 yields a lifetime of about 3.8 ns. = We next measured the PL intensity of the emitters as a
The lifetime value extrapolated from the power-dependeFH”C“O” of the excitation power (with optimized polarization)

d?( ) measurements is consistent with the measured lifetime 6 ndéhe emittefsnaximum en;issicl)n count rates. We L;sedha
the type A emitterFigure B), supporting that a three-level Second room-temperature confocal microscope setup for these

system is a suitable model for the type A emitters. measurements, designed fazient PL collection, by using a

: ; Nikon 1.3 NA oil immersion objective for excitation and
The secondtting parametep describes the metastable state %Iection, as well as using a dichitéewith a 552 nm cuto

behavior, represented by a sum of the nonradiative decay r%l
X avelength and a 560 nm long-pd&s to remove the
from the excited stajee to the metastable st ( o) and excitation laser and Raman lifkésure 8 (top) shows the

the nonradiative decay rate from the metastablestatéhe  o4,ration behavior of a type A emitter and the associated
ground statfg ( mg):~

background.
1 Equation 5describes the typical function fating the
== ° 4 g emission count rateas a function of the measured excitation
2 get g (3) powerP for a three-level system:

P

, at zero excitation power gives the lifetime of the metastable (P = | + P+
state, which we found from thé Figure fito be about 673 ns. sat (%)

The last parameteyplotted as a function of excitation power wherel is the emission count rate at saturafigpis the
inFigure 4, is representative of the amount of bunching causeskcitation power at saturatioris the linear power-dependent
by the metastable state nonradiative transition. Mathematicallgckground slope, anid the constant dark counts. Weegge

is a product of the electron excitation probability and theo t the intensity saturation behavior measurement plotted in
probability of the subsequent decay to the metastabfé$tate: Figure & (top), which shows that the PL intensity excerds 1
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10 cps at saturation, with a saturation power of 1.5 m\ve near = 0 for our emittetssecond-order autocorrelation
3c (bottom) shows thg?(0) of the corresponding second- histograms. Finding the origin of the emitters in future works
order autocorrelation measurements for each of the excitatimould be necessary to conclusively explain the cause for this
powers used ifrigure 8 (top), indicating single photon bunching behavior neax 0. There have been many previous
emission characteristics for the emitter up to excitation powes®rks reporting on quantum emitters in other nitride materials
of 3 mW or twice the saturation power. with emission wavelengths covering a wide wavelength range
Photonic Integration of Emitters. Next, we created these similar to the emitters in this wofk>*>>°However, even with
QEs in AIN-on-sapphire PICs fabricated by a combination @itensive theoretical density functional theory (DFT) modeling,
electron beam lithography and dry etching\sé®od3. The the ori79in of these other emitter defects is not fully under-
blue inset ifFigure & is a microscope image of the fabricatedstood’’ Our QEs in thindm AIN o er insights and potential
QE-integrated waveguides couplezhg with edge couplers; future research directions to reveal the origins of similar QEs
the grating couplers are used for visual feedback dgning that have been observed in both monolayer and microns thick
edge coupling. Using the same room-temperature confotailk nitride materials, such as the possibility of direct 3D atomic
microscopy setup with a 0.9 NA objective described above f@construction by scanning transmission electron micriscopy.
laser excitation, we used a cleaved Nufern UHK&S In conclusion, we demonstrated quantum emitters in a 200
mounted on a XYZ piezo stage for edge-coupling to the AINm thin- Im AIN grown on top of sapphire, with count rates
edge couplers, as illustrated conceptuBltyuire 4. Ouredge  exceeding 1 million cps at saturation and high purity even at
coupler design was not optimized to mode match with theoom temperature. We also showed that these QEs can be
UHNAS3 ber. We expect the experimental couplioigecy to readily integrated in AIN-on-sapphire PICs using conventional
be less than 7% due to it being sensitive to the edge coupkdiN fabrication processes for patterning photonic components.
polishing qualits? While further studies are needed to investigate the predicted
The confocal PL scanfiigure @& with a confocal collection spin-dependent transitions coupling to spin qubits, strain-driven
for detection of an AIN waveguide indicates QEs throughoutpin control, and other avenues toward spectrally narrower
while Figure B shows the same confocal PL scan with a&mission, the integration of stable QEs into AIN-on-sapphire
waveguide edge coupler collection into the UHNAB for PICs already opens the prospect of stable single photon sources
detection. A comparison between the scans shows that iallegrated monolithically with optical modul&ators|N-
emitters are coupled into the waveguide. We use the circledegrated single photon detectdesd frequency conversion
emitter for the subsequent photon intensity correlatiomlevice$® Furthermore, this work shows the potential of
measurements. integrating high-quality QEs to a wide range of technologies
We observe strongly antibunched emission from waveguigemprised of the aluminum gallium nitride (AlGaN) family of
coupled emissiorigure 8) and cross-correlation measure- materials that, thanks to their exceptional optical and electronic
ments (top versus waveguide collec¢tignre 8) with 532 nm, properties, as well as a large and growing industrial base, already
1 mW CW excitation at room temperature without backgrountbrm the state-of-the-art for applications in UV lasers, piezo-
correction. Despite the rather low estimated edge-couplirdectric actuators andters, high-power and high-speed
e ciency of 7%, we observe a high count rate exceediffy 6 electronics, and solid state lightirig;
cps out of the waveguidedure ), with 8.6x 1¢* cps at a
saturation power of 2.3 mW. METHODS

We show irFigure $several exemplary devices realized on \jaterial Processing We ion-implanted the samples using a
the same AIN-on-sapphire platform, though not characterizedif jon microscope (Zeiss ORION NanoFab) at a He ion
this study. Distributed Braggeetors can be used as directional yence of around ¥aons/cn?, with acceleration voltage of 32
re ectors (red boxes) to direct all the emission toward one siq&\, similar to previous methods for creating isolated defects in
of the photonic circuit, as well as spedteas (green boxes)to KN4 We found that this He ion implantation by itself

lter out excitation light that is scattered into the waveguidgjgni cantly increased the overall AIN PL but did not increase
After the spectralter, the emission can be eithst splitbyan  ne detectable emitter density. Instead, annealing the AIN
on-chip beamsplitter or directly coupledh chip via edge  samples after He ion implantation creates resolvable photostable
couplers or grating couplers that can be placed anywheffes Each sample is annealed in an ambient pressure argon

throughout the chip (blue boxes). environment. The sample is increased with a slop€f 2
under continuous gasw. The temperature is kept constant for
CONCLUSION 30 min once the maximum ded temperature is reached

While we observed the formation of the QEs after He-iobefore cooling down to room temperature again. The samples
implantation and annealing, both type A and type B QEs are aldo not reveal any isolated QEs due to a resulting spatially
observed for samples that did nhot undergo He-ion implantationniform backgroundiorescence after annealing up td®Z00
albeit at a lower density, making it likely that the emitter type iBhe background PL intensity decays exponentially in time when
either intrinsic or vacancy-based. Some sort of marker indicatopdically pumping the material with the 532 nm excitation laser.
on the bulk sample that are inert and do not degrade with tHacreasing the maximum annealing temperature yields faster
material treatments are needed to do a more careful study on thgonentially decaying backgrouratescence under optical
He-ion doss e ect on the QE formation and properties. As ourexcitation. Isolated and photostable QEs start being detectable
emitters are in a 200 nm thick Allsh, we speculate from their at annealing temperatures above 800
stronger blinking behavior that type B emitters may be closer toAIN Photonics.Development of integrated photonic circuits
the surfaces. relies on the use of thitm high-index material on a low-index
While the three-level systenfrigure @ is a suitable model substrate. As we show that our material treatment results in the
for tting to the measurements of our emitters, we note thatreation of high-purity quantum emitters in a thin AiiNvith
there are other possible explanations for the bunching behayjimst 200 nm thickness, we further investigate whether the
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with PICs. After emitter formation using the He ion Computer Science, Massachusetts Institute of Technology,
implantation and annealing procedures described above, we Cambridge, Massachusetts 02139, Unitech&fatesg/
fabricated PICs into the AIN thitm by using the electron 0000-0002-8644-94&Mmailtsungjul@mit.edu

beam lithography and chlorine reactive ion etching process

developed previousfyThen, S1813 photoresist served as aAuthors . _ . _
protective layer for mechanical edge polishing. We diced theBenjamin Lienhar8 Department of Electrical Engineering and
chip using an automatic dicing saw (DISCO DAD-3240) and Computer Science, Massachusetts Institute of Technology,
polished the chip to produce optical-grade facets for edge Cambridge, Massachusetts 02139, United States
coupling (Allied MultiPrep Polishing System 8). Finally, Kwang-Yong JeoigDepartment of Electrical Engineering and

sonication inN-methyl-2-pyrrolidone (NMP) removes the Computer Science, Massachusetts Institute of Technology,

S1813 protective layer and debris caused by dicing and Cambridge, Massachusetts 02139, United States

mechanical polishing. Hyowon Moorts Department of Electrical Engineering and
Experimental Setup. The room-temperature character- Computer Science, Massachusetts Institute of Technology,

izations were performed using a confocal microscope. A green Cambridge, Massachusetts 02139, United States
532 nm laser (Coherent Verdi G5 laser) was used for excitation/Ava Iranmanesh Department of Electrical Engineering and
with photoluminescence scans taken with a galvanometer mirror Computer Science, Massachusetts Institute of Technology,
scanner in a 4F coguration. We measured second-order  Cambridge, Massachusetts 02139, United States
autocorrelation photon statistics of the emitters with a free- Gabriele Grosss Photonics Initiative, Advanced Science
space Hanbury Brown Twiss (HBT) interferometer and Research Center and Physics Program, Graduate Center, City
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base temperature of 4 K (Montana Instruments) with a built-i;ythor Contributions
Objective (NA = 09) and deteCtion USing fl’ee-space Excelitaﬁhese authors contributed equa”y to this work.
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