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37 Abstract. Single—hloton emitters play a crucial role in integrated photonic quantum
38 systems across various material platforms. In this study, we present a cavity-enhanced
39 quantum dot single-phioton source in a high-index contrast material platform (GaAs-
2(1) on-insulator). A quantum dot is embedded in a microring resonator with a quality
4 factorrofrapproximately 9000, where the cavity-induced light enhancement results in
43 a spontancous emission acceleration factor of around 2.6, and we achieve a ¢(*)(0) as
44 low as 0.034+0.02 and post-selected two-photon interference visibility of 51.7% + 3.2%
45 for the singlé-photon source. This demonstration shows the potential of the GaAs-on-
46 Insulator platform for scalable on-chip quantum information processing.

47

48

49

50 1. Introduction

51

g g Quantum information technology has garnered remarkable attention for its potential in
54 unpreeedented computation speed and highly secure communication [1,2]. A critical
55 component in developing quantum computation or communication systems is a single-
g? photon emitter that can deterministically generate indistinguishable photons with high
58 purity on demand [3,4]. Several candidates exist for deterministic single-photon
59 emitters, such as 2D material-type emitters, color centers in SiC and diamond [5-7].
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Among the available choices, III-V quantum dots (QDs) distinguish themselyes with
their superior attributes, including remarkable brightness and excellent optical and
quantum optical emission properties [3,4, 8]. Notably, they exhibit enhanced thermal
stability and photostability in single-photon emission [9-11], compared for example t6
their colloidal counterparts [12,13]. Therefore, they are considered prime candidates
for implementing photonic quantum information systems [14]. Howewver, QDs in bulk
material face challenges in photon extraction efficiency due to the high refractive index
environment [15]. Overcoming this challenge requires proper phetonic engineering, such
as integrating QDs into waveguides or cavities, which has been demofistrated in different
material platforms such as suspended GaAs membranes, deep-etching GaAs/AlGaAs
platforms, and hybrid material platform [16-18]. The exploration of these integrated
material platforms becomes imperative for achieving largesscale quantum information
processing. In the case of InAs QDs, the original Antegrated platform is the native
GaAs/AlGaAs layer stack. However, achieving sufficient optical confinement in this
material system often necessitates deep etchingg resulting in additional optical losses
[19,20]. To address this issue, a suspended GaAs/thin film can be patterned by wet
etching the underlying AlGaAs layer [21,22]. This approach ensures a high index
contrast between the GaAs membrane and air, reducing the need for deep etching.
However, this platform may encounter challengesysuch as mechanical instability and
limited scalability. To solve these issues,hybrid.integration techniques can be employed,
such as flip-chip bonding or transfer printing, enabling the integration of I1I-V QDs on
lower-index materials like SiOg.and SiN [18, 23-25]. In this concept, single photons
emitted from QDs in the GaAsslayer are adiabatically coupled to the SiN waveguide,
with SiO, serving as an intermediate layer between the two materials. The higher-index
contrast of this material systemsprovides benefits such as higher coupling efficiency from
the emitter to waveguides, and it @voids the challenging deep etching [18,26]. To date,
SiN quantum circuits have shown low optical losses, as low as 1 dB/m, making them
highly promising for‘large-scale quantum information processing applications [25]. In
this work, we demonstrate amnew high-index contrast material platform, namely GaAs-
on-insulator, forsguantum information processing with the light solely propagating in the
high-confinement: GaAswaveguide. In contrast to integrating QDs onto SiN through
evanescent ¢oupling,¢we opt for the direct embedding of QDs into GaAs waveguides.
This appreach not enly minimizes fabrication complexity but also eliminates coupling
losses betweenadifferent material layers arising from misalignment and fabrication
imperfections.

In our, experiments, we integrated QDs into a GaAs microring cavity to couple
the photons emitted by a selected QD into a microring cavity. Here, by utilizing cavity
quantum- electrodynamics (cQED) effects in the weak coupling regime, the emission rate
of the selected QD into the resonant modes of the ring resonator can be increased via the
Purcell effect. Additionally, the Purcell effect improves the single photon coherence, by
accelerating spontaneous emission rates with respect to dephasing processes [14,27,28].
Compared to other types of optical cavities such as the micropillar cavity and Bullseye
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: cavity [3], the microring cavity is a planar waveguide cavity, which can be a candidate
6 for the on-chip quantum photonic circuits. In addition, the multiple cavity résonances
; and small free spectral range can also increase the likelihood of coupling a QDrinto
9 resonances, which lowers the challenge of spectrally aligning a QD with the cavity
10 resonance. However, the achievable light-matter interaction strength ©f the microring
:; cavity is compromised by its relatively large mode volume. The fabricated GaAs
13 micro-ring resonator exhibits a quality factor (Q) of approximately 9000,{zesulting in
14 a spontaneous emission acceleration factor (F') of around 2.6. Ahe coupling efficiency
12 (B) from the QD to the ring modes is estimated to be 62%. Cavity—ermanced emission
17 of a single QD gives rise to single-photon emission with a g@0) of 0.08-£0.02 and two-
18 photon interference post-selected visibility of 51.7% 4 3.2%. Ourwerk introduces a new
;g integrated platform, GaAs-on-insulator (GaAsOI), for quantum information processing,
2 where single-photon sources, and other functional photonie, components such as beam
22 splitters, couplers, phase shifters, and detectors can be seamlessly integrated into the
23 same material.

24 S

25

;? 2. GaAs-on-insulator micro-ring resonator fabrication

28

29

30 (a) (b) (c)

32 GaAs

33

34

35

36

37

38

39

40 Figure 1. (a) Schematic of micro-ring cavity-based single-photon source in the GaAs-
41 on-insulator platform. The shining cone is depicted as a QD; (b) Scanning electron
42 microscope (SEM) image of the micro-ring cavity. The bar indicates a scale of 2 um.
22 (c)pLiayout of the GaAs-on-insulator material platform.

45

46 Figure 1(a)dllustrates.a GaAs micro-ring resonator that incorporates an embedded
2273 QD. In this configuration, photons emitted from the QD are initially coupled into the
49 micro-ring resonator and subsequently guided towards an integrated bus waveguide.
50 Finally, the photons are scattered out through two grating out-couplers, as visualized in
5; the scanning electron microscopy (SEM) image shown in Figure 1(b). The ring radius
§3 is 10,um. Regarding the width of the waveguide of the ring cavity, the highest coupling
54 efficieney is achieved for the GaAsOI waveguide with a width of 220 nm and height of
55 110mm, [26]. However, to mitigate the degradation of the QDs from the surface states in
g? the etched sidewall, a minimal distance of 300 nm is required [29]. On the other hand,
58 the wider the waveguide leads to the lower coupling efficiency. Thus, after weighing
59 both considerations, we have chosen the waveguide width to be 600 nm, leading to a
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free spectral range (FSR) of 2.1 nm. Similarly, a thickness of 140 nm of the GaAglayeris
chosen as a compromise ensuring reasonable coupling efficiency [26]. The bus waveguide
width at the coupling point is 170 nm and the coupling gap between the ring cavity
waveguide and bus waveguide is 120 nm. The theoretical ) factor ofsthe microring
cavity is around 87,000 as simulated by a commercial Finite ElementsMethod solver
(JCMsuite), which only considered the coupling loss from the ringg€avity to the bus
waveguide. With the assumption that the photon is coupled into two contra4propagating
traveling wave modes, the mode volume (V') is approximated as'the production of the
effective mode area and the circumference of the ring resonator. The effective mode
area is derived by a Finite Difference Eigenmode numerical solver (Lumerical, MODE),
which is ~0.043(\)2. Hereby the mode volume is ~124(\/n)3, where n is the refractive
index of GaAs (3.47). In the experiments, we collected the,single-photon emission on
top of the grating couplers, which features a theoreti¢al extraction efficiency for the TE
mode of around 60% within a 10° collection angle relative to the vertical axis.

The fabrication process of the GaAsOI device eonsists,of two primary steps. Firstly,
the GaAsOI sample is created, followed by the patterni?lg of nanostructures on the
GaAs thin film. The original wafer strugture comprises a 140 nm thick GaAs thin film
containing QDs in the center positioned on top of a 400 nm AlygGagoAs layer. This
layered structure is grown on a GaAs substrate using the molecular beam epitaxy (MBE)
method [30]. Subsequently, the original'sample. is flip-chip bonded to an InP substrate
using the methodology outlined in Refs.[31,32]. A two-step etching process is employed
to remove the GaAs substrate. Initially, a fast etching step is performed using a mixture
of H,SO,4 and H50O», followed bysa slower etching using a mixture of citric acid and HyOs.
During this process, the 400 nm AlysGap2As layer acts as an etch-stop layer, which is
subsequently eliminated using a.5% HF solution. To define the microring structure, we
spin hydrogen silsesquioxane {HS@) resist on the GaAsOI sample and pattern it using
electron beam lithography (EBL). This process is carried out using a JEOL system
(JBX-9500FS) operating, at 100 kV. Subsequently, the GaAs layer is etched using a
boron trichloride ABClg)-based dry etching process in an inductively coupled plasma
reactive ion etching (ICP-RIE) machine [33]. The final material layout of the GaAsOI
microring, as.depicted.in’ Figure 1(c), consists of a 140 nm thick GaAs layer on top of
3 pm thick SiOydlayer. The intermediate layer, composed of Benzocyclobutene (BCB),
has a thickness of approximately 2 pm. Since we aim to demonstrate the functionality
of the GaAsOI platform for on-chip quantum circuits, we did not perform deterministic
fabrication by imaging the QDs. In our fabrication, an array of microring cavities was
patterned on the GaAsOI sample [34]. By analyzing the photoluminescence spectrum,
we could determine the QDs coupled into the ring resonance modes.

3. Experiment setup

In our experimental setup, the sample is placed inside a closed-cycle cryostat to maintain
low temperatures (4 K). The setup consists of three main paths: the top excitation
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22 Figure 2. Schematic of the spectroscopic setup with the pump laser at 860 nm. LP:
23 long pass filter; FC: ferrule connector; HBT: Hanbury Brown and Twiss; TCSPC:
24 time-correlated single-photon counter. IS

25

26

27 path, the collection path for Hanbury Browmiand Twiss (HBT) measurements, and the
28 collection path for spectrally resolved micre-pheteluminescence (uPL) measurements.
29 o :

30 In the excitation path, we use a ptilseslaser (PicoEmerald, APE) to pump the sample
31 at 860 nm with a repetition rate of 80-MHz. During the experiment, we illuminate the
;g QDs within the ring resonater, and the emitted photons are collected on the grating
34 coupler, as depicted in Figure I(b). The collected photons pass through an aspheric
35 lens (NA = 0.65) and a 900 /mm long=pass filter to eliminate the pump light. A flip
g? mirror can switch the two coller‘tion paths. In the HBT measurement path, we employ
38 a notch filter as a narrow-band pass filter (spectral width: 0.4+0.1 nm, transmission:
39 95%), which allows us to iselate the emission line of a single QD. The reflected photons
40 are collected by a single-mode fiber, which is then split into two branches using a
41 . .
4 fiber-based beamsplitter.  These two branches are connected to two superconducting
43 nanowire single;photon ‘detectors (SQ080u2, Single Quantum Eos). The detection
2‘5‘ events are correlated using a time-correlated single-photon counter (TCSPC, quTAG)
46 to measure the HB'L eorrelations with a temporal resolution of 80 ps. For the yPL
47 spectra measurement path, the photons are reflected by a mirror and measured by a
22 spectrometer.

50 Figure 3 characterizes the under-study QD coupled into the microresonator
51 resonance with the photon being collected on top of the grating coupler. Figure 3(a)
gg shows excitation power dependence photoluminescence (PL) intensity, which features
c4 a saturagion power of saturation power (Psy) of 82 puW. Additionally, Figure 3(b)
55 reveals the emission characteristics of QDs with the collection on top of the grating
56 c¢oupler, showcasing a distinct linear polarization. The linear polarization emission can
;73 be attributed to the coupling of the QD exclusively with the transverse electric (TE)
59 mode and to the output grating coupler being optimized for this TE mode.
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Figure 3. (a) PL intensity as a function of the‘excitation power for the QD under
study. (b) Polarization analysis of the PL.

4. Results and discussion
&

Coupling the QD to the cavity resonance can' enhance both the brightness and the
single-photon properties [35]. In our experiment,"we exploit the difference in the
temperature-dependent spectral shift between the QD emission line and the cavity
resonance to control their couplingf[36].. Figure 4(a) illustrates the tuning process. As
the temperature increases from 4 Ko, 34 K, the cavity resonance remains relatively
stable whereas the QD emission experiences a pronounced redshift. The spectral
resonance between the photonic mede and the QD emission is achieved at around 20 K;
it is accompanied by strong emission enhancement of the coupled QD-cavity system in
the weak coupling regime of cQED. To further illustrate the cavity-enhanced increase
of QD emission intensity,/Fig. 4(b) showcases a comparison of the PL spectra close to
resonance (22 K) and off-resonance (34 K). The PL spectra exhibit an approximate six-
fold difference in the intensity'of the QD emission. Moreover, the quality factor of the
fundamental TE mede, cavitysresonance is approximately 9000. This value is directly
determined by fitting the bare cavity resonance peak at 34 K. The deviation from the
theoretical Q factor, is attributed to fabrication imperfections and the underestimated
absorption coefficient of GaAs at this wavelength. There is another broad emission peak
in the range'of 908.0,to 908.5 nm, which is likely due to a higher-order transverse mode
cavity résonance of the multimode waveguide with a width of 600 nm. We assume that
at 34 K this mode is illuminated by other (weakly coupled) QDs in spectral resonance
with this mode at this temperature.

In order to further investigate the Purcell enhancement provided by the ring-
resonatorswe performed time-resolved pPL measurements of the coupled QD-microring
system. Figure 5(a) displays the results of these measurements, comparing the QD
emission at different temperatures { and off-resonance (at 32 K). The PL decay is well-

I The difference between the temperature to reach the best coupling condition compared to Fig.4 might
be due to the lagging between the nominal temperature of the heating unit and the QD chip.

Page 6 of 13
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18 Figure 4. (a) Temperature-dependent photoluminescencénmap of a coupled QD-
19 microring system. The white and light blue dashed. lines indicate the trajectory of
20 the wavelength shift of QD emission and the eavity resonance, respectively. (b) uPL
21 spectra with the QD emission close to resonance (22 K),and off-resonance (34 K) with
22

the microring mode, respectively. The dashed\line shows a Lorentzian fitting for the

;i cavity resonance at 34 K, which featuresfa quality factor of around 9000.

25 y

;? described with a double-exponential dedaymmodel [37}¢ At 20 K, the fast decay rate is
28 determined to be around 0.601+0.01 ns, whereas, when the QD is tuned off-resonance,
29 it exhibits a decay rate of around L55+0.02ns (32 K). To determine the spontaneous
2(1) emission acceleration factor, F', Fig.ib(b) illustrates the change in the QD decay time
32 as the QD transition crosses the cavity tesonance by changing the temperature. By
33 comparing the decay time at 200K (on resonance) to the maximum lifetime at 32 K
g;’ (off-resonance), we can derivea F oftapproximately 2.6 and a Purcell factor (F,) of 1.6
36 with F, = F' — 1 [28]. This indicates more than a factor of two-times enhancement of
37 the spontaneous emission rate of the QD due to light-matter interaction in the weak
gg coupling regime when it is résonantly coupled to the optical cavity. Furthermore, the
40 asymmetry in off-résenance deeay time at varying temperatures is due to faster QD
41 wavelength shift at_higher temperatures [38], leading to an asymmetric QD lifetime
jg with temperature tuning:

44 When the “emitter linewidth is much smaller than the cavity linewidth, the
45 theoretical Purcell fagtor can be estimated by Fp = 2 (%)3% [28].  This Purcell
j? factor formula ¢an be applied to our microring cavity since the extracted linewidth
48 of QD from’ thenPli spectra of 34 K in Fig. 4(b) is about 0.03 nm and the linewidth
49 of the cavity resonance is about 0.10 nm, which determines a F), of ~5.5 and a F
g? of ~615 with a‘measured @ of ~9,000 and a theoretical mode volume of ~124(\/n)?,
52 based on the assumption of perfect spatial, spectral and polarization alignment between
53 the cavityresonance and emitter [28]. The discrepancy between the experimental and
gg theoretical spontaneous emission acceleration factor can be due to spatial misalignment
56 between the emitter and the maximum of the waveguide mode electric field profile. This
57 misalignment can be mitigated by introducing a deterministic fabrication technique [34].
gg In an ideal scenario that the QD has perfect spatial and spectral alignment with the
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cavity resonance, § can be approximated by F,/(F, + ), where v is the normalized
spontaneous emission rate into the leaky modes, i.e., v = 1. It gives the theoretical
B of 84%. On the other hand, although the position of the QD with respect tonthe
maximum field intensity position along the radial direction in experiments is unknown,
the experimental 8 from the QD to the ring cavity modes can still be approximated by:
B = (F —~)/F, [39]. With the experimental F' of 2.6, /5 is determined areund 62%.
The good experimental S can account for the six-times increased intensity{observed in
Fig. 4(a) when tuning the QD coupled into resonance.

~
(a) (b)
. . . , 1.6 — . . . .
1 miwen | 15} 2
32K raw data 1.4} ¢ !
10 K data fittng — Y
fj\ w20 K data ftting [7)] 13 [ // 9 ]
5 01t kammngy S 1.2f 2
- Ay o111k !
> CRE G '
§ L g 1ot R .
o p © 09} 40
- 7O [ N | !
g 001px o el ,
L 0.7} I
0.6 '9-9'
0.001 L : : : oBb—————
0 2 4 6 8 5 10 15 20 25 30 35
Time (ns) Temperature (K)

Figure 5. (a) Time-resolved yPL measurements of the QD at different temperature.
The decay time is 086+0.01 ns (10 K), 0.60+0.01 ns (20 K), 1.374+0.02 ns (30 K), and
1.5540.02 ns (32 K), respectively. (b) The PL decay time of the QD as a function of
temperature. ~N

Furthermore, we investigated the quantum nature of emission by measuring the
second-order autocorelation fumction (¢ (7)) at resonance. The experimental result,
depicted in Fig. 6(a)preveals strong photon anti-bunching at a relatively low excitation
power of 2 uW (002 % Psaepnormalized to the saturation power of QD, Py,;=82 upW). The
associated multi-photon suppression is determined by a calculated ¢(® (0) value of 0.17,
obtained by omparing the integration of the raw data of the central peak within 12.5
ns and its first right neighboring peak in the same range (gﬁi{U(O)) The non-ideal single-
photon purity is'due to the dark counts of the system and the background emission from
the InP substrate. To account for the influence of uncorrelated background emission,
we fit each peak of the raw data with the following expression [22]:

g (1) = Age” I 4 A, Ze—lT—To—nTrepH +e (1)
whereé A, denotes the central peak area, A; the side peak areas, v the decay rate, ¢, the
pulse repetition time, 7y the time offset to centralize the function, n the peak numbers,
and c the background noise from the environments. By fitting the data, we obtained
the value of ¢®(0) as Ag/A, (g](czzi(O)), and the fitting error range was derived from the

Page 8 of 13
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4
5 confidence bounds in the range of 95% of the fitting. For Fig. 6(a), the caleulated
6 gﬁZ(O) value is 0.03+0.02, which indicates the excellent single-photon purity of the QD
; single-photon source. However, as we increased the excitation power to., 0.2 X Pygg@
9 more pronounced peak emerged at the center of the data, resulting in g,iii,,(O)zo.35 and
10 gﬁi(@): 0.1040.01. Figure 6(c) presents the excitation power dependénce of ¢g®X(0) in
:; detail, which unveils the degradation in single-photon purity at highereéxcitation power
13 levels. This result indicates a power-dependent increase of uncorrelated{background
14 emission of off-resonant emitters due to the off-resonant couplingeffect at high excitation
~
1 2 power [40], as often observed for cavity-enhanced QD singlesphoton sources [41]. In
17 addition, the stronger background emission from the InP substrate can also result in
18 degradation, which can be replaced with silicon substrate in the future.
19
20 (a) (b) (©)
22 g ! g’ \ .
23 gos go8 03 = ™
24 Los o6
25 8 8 ago.z—
% 3 0.4 3 0.4 S
27 ©0.2 ©0.2 0.1¢ o
28 § 0 ‘ : W U § 0 VYWY | 0o o
29 4100 -50 0 50 100  -1004. -50 0 50 100  0.00 0.04 0.08 0.12 0.16 0.20
30 Time delay (ns) Time,delay\(ns) P/Pgat
31
32 Figure 6. Second-order autocorrelation of the resonantly coupled QD-microring
gi system for different exeitation powers (a) 2.0 uW and (b) 16.8 uW. (c) ¢(®(0) as
35 a function of excitation power (P) normalized to the Ps,; of the QD, Py =82 pW.
36
37 In addition to the purity,}nother important figure of the merit of an SPS is the
gg single-photon indistinguishability. We further measure the Hong-Ou-Mandel (HOM)
40 interference of the QB as shown in Fig. 7 with an excitation power of 70.1 yW. The
41 visibility (V) of the HOML interference is defined as: V =1 — (A4;/A.) with 4j and
zg A, being the area of thécenter peak for the measured ¢®(7) for parallel polarization
44 and cross polarization. In our HOM setup, the fiber delay is relatively short about 4
45 ns, which leads to the overlap between neighboring peaks as shown in Fig. 7. The raw
2? visibility (Vi )ds merely 11.7%. To get rid of the overlap of the coincidence peaks in the
48 measurements, wesdfit ¢® (1) for the two polarization measurements with the following
49 two expressions:
50
51
22 2 T > 72 > T
>3 = A L + A; 1 + Al 1 2
54 S YAt —to)? £ 2 Z; A(t—t;)" + 72 Z; AL+ t;) + T @
55 B B
56
57
2 3 2 3 2
58 2 71 1 / 71
=— 1A + A; + Al 3
59 L=z YAt —to)? + 2 ; At —t.)" + 12 ; A(t+t)° + 12 )
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where A, is the center peak area, A; and A} are the peak area on the left gide and
right side, respectively. Here we fit the three peaks on each side and the centerépeak. We
further extract Ag for the two polarization measurements. We can derive the tempeoral
post-selected visibility V;;=51.7% =+ 3.2%. The non-ideal indistinguishability'is mainly
due to the impure single-photon emission and the dephasing from the environmental
fluctuations, for example, charging noise due to the surface states; which can be
eliminated by the surface passivation process. In addition, the hackground emission
from the InP substrate can also contaminate the indistinguishability. £ To further
improve the two-photon interference visibility, resonant excitation can be employed,
which needs strict suppression of the excitation laser [29{/42]." Thelexcitation laser
suppression challenge can be mitigated in our microring system by.resonantly pumping
the QD within the ring resonator, and then collecting the emitted photon through the
grating coupler, while simultaneously operating the excitation laser in a cross-polarized
configuration relative to the TE mode polarization‘due to the weak coupling from the
cross-polarized excitation laser into both the wayeguide and the grating coupler.

’;1 0 ‘ ' ‘- Parallel polarilzation I I i
S ' [ 1] - Cross polarization ;
- ﬁi Parallel polarization fitting b3 A
80-8' %\ . Cross polarization fitting h
S | ®, . A A
806 ": ;“* ,l%i ' . ,""3-‘.' ,""7: '-;"‘.‘
S 0a ™ 3 L W \,/jf’\ e ook Ry
g B RN "\,"’%’t T o

£0.2 ’ :
S
zZ

00 1 1 L 1 1

10 -5 0 5 10
N Time (ns)

Figure 7. Hong-Ou-Mandel interference experiments under pulsed excitation with 4
ns fiber delay with an excitation power of 70.1 yW.

5. Conclusion

In this study, ave demomnstrated a cavity-enhanced QD single-photon source on a
high-index"contrast’ GaAs-on-Insulator platform compatible with integrated quantum
information processing, eliminating the need for suspension and deep etching processes.
Ourmicroring cavity exhibited a quality factor of approximately 9000, allowing for a
spontaneous emission acceleration factor of approximately 2.6 and a Purcell factor of
about, 1.6. /The coupling efficiency from the QD to the ring cavity modes is estimated to
be 62%. Owing to the good optical properties of the resonantly coupled QD-microcavity
systeiny we achieved a ¢®)(0) as low as 0.0340.02 and two-photon interference visibility
of 51.7% =+ 3.2%, showcasing the platform’s capability for generating high-quality
single photons into on-chip integrated waveguide circuits. Based on our theoretical
calculations, we anticipate that by precisely positioning the QDs, we can enhance the
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: Purcell factor to 5.5 and increase the coupling efficiency to 84%. This enhancementis
6 expected to further increase the brightness and the visibility of two-photon interference
; of the QD microring single-photon sources. Overall, our results provide compelling
9 evidence for the functionality of the GaAs-on-insulator platform for onschip gquantum
10 circuits. Furthermore, this platform can accommodate other integrated compenents
:; such as optical splitters, phase shifters, and superconducting nanowire single photon
13 detectors [43, 44|, which opens up the possibilities for implementing comprehensive
14 quantum information processing systems on a single platform. o
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