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Room-Temperature Generation of Heralded Single Photons
on Silicon Chip with Switchable Orbital Angular Momentum

Shan Zhang, Xue Feng,* Wei Zhang, Kaiyu Cui, Fang Liu, and Yidong Huang

In quantum optics, orbital angular momentum (OAM) is very promising to
achieve high-dimensional quantum states due to the nature of infinite and
discrete eigenvalues, which is quantized by the topological charge of I. Here, a
heralded single-photon source with switchable OAM modes is proposed and
demonstrated on silicon chip. At room temperature, the heralded single
photons with 11 OAM modes (I = 2-6, —6 to —1) are successfully generated
and switched through thermo-optical effect. It is believed that such an
integrated quantum source with multiple OAM modes and operating at room
temperature can provide a practical platform for high-dimensional quantum
information processing. Moreover, this proposed architecture can also be
extended to other material systems to further improve the performance of

OAM quantum source.

1. Introduction

The orbital angular momentum (OAM) is an independent de-
gree of freedom of photons, which corresponds to the spiral
phase fronts, with the quantized eigenvalue as the topological
charge (I).1!] Benefiting from the unique characteristics of the
infinite and discrete topological charges, OAM modes are nat-
ural for generating high-dimensional states and could increase
the information capacity carried by photons.> Especially in
quantum domain, it is strongly desired to increase the informa-
tion content encoded on a single photon for higher efficiency,
better noise resistance, richer resources, and more flexibility of
quantum communications, computations, and simulations.[®=]
So far, OAM encoded quantum states have been utilized in quan-
tum key distribution,'*!3] quantum ghost imaging,'***] and
high-dimensional quantum entanglement.['®17] The potential ap-
plication of high-dimensional quantum information has stim-
ulated the research on generating,!'®*) manipulating,[?®?!l and
detecting!?>?%] the optical quantum states encoded with OAM
modes.

As an effective way to achieve higher dimensional quantum
states, OAM single-photon sources are mainly demonstrated
via the spontaneous parametric down-conversion in nonlinear
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crystals,!?*?’1 where bulky spatial op-
tical systems are required. Clearly, an
integrated OAM quantum source is pre-
ferred for its compactness, high stability,
and flexibility. The pioneer work of the
integrated OAM single-photon source is
demonstrated with InAs/GaAs epitaxial
quantum dots embedded in a microring
cavity, in which the OAM modes with [l
= 6 have been successfully generated at
30 K.128] To utilize the high-dimensional
feature, the usable OAM modes should
be as more as possible after considering
both applications of multiplexing and
dynamic coding,'”! and the latter also
requires that the topological charges
could be dynamically switched. We
have recently demonstrated a heralded
single-photon source with switchable OAM modes, in which
five OAM modes (I = 3-7) can be obtained with fixed incident
wavelength.[?] However, such work is based on the spontaneous
four-wave mixing (SFWM) in dispersion-shifted fiber (DSF) so
that it is not a fully on-chip device and cooling to 77 K is still re-
quired to reduce the Raman scattering noise in DSF.% Till now,
an integrated quantum light source with switchable OAM modes
and operating at room-temperature has not yet been realized.
To tackle the aforementioned two challenges, we have pro-
posed and demonstrated an integrated heralded single-photon
source with 11 switchable OAM modes operating at room-
temperature in this work. The whole device is integrated on
a monolithic silicon chip and spatially divided into two parts:
generating correlated photon pairs and then transforming to
OAM modes. Here, the heralded single-photon source is based
on the SFWM in a silicon wire waveguide (SW-WG) as a re-
sult of its high nonlinearity and narrow Raman bandwidth.[31-3]
The noises caused by Raman scattering could be filtered with-
out the cryogenic requirement so that the whole device could
operate at room temperature. For mode transformation, an inte-
grated OAM emitter based on the shallow ridge waveguide (SR-
WG) could load the OAM modes onto single photons.[**! Ben-
efitting from the spatial separation of the source and emitter,
the room-temperature operating condition, and the high thermo-
optical coefficient of silicon, the topological charges of gener-
ated OAM modes can be switched through the thermo-optical
effect!®>! while the performance of single-photon emission is not
disturbed. Assembling both the heralded single-photon source
and OAM emitter by a well-designed transition structure, the
heralded single photons with switchable OAM modes (I = 2-6,
—6 to —1) are obtained. The coincidence counts (CCs) and coin-
cidence counts-to-accidental coincidence counts ratio (CAR) are
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Figure 1. The schematic of integrated heralded single-photon source with
switchable OAM modes. SW-WG: silicon wire waveguide; SR-WG: shallow
ridge waveguide. Such two types of waveguides are utilized due to the
features of the low transmission loss and high nonlinearity, respectively.
The device is based on the silicon platform and the different colors are
used to distinguish different waveguides (SW-WG and SR-WG).

measured as 27.5-82 and 16.33-57.63 within 10 min for 11 OAM
modes, respectively. It should be mentioned that there is no ob-
vious deterioration of the CAR value compared with that of SW-
WG alone (34.09-52.05). Thus, the correlation between photon
pairs is kept after the mode conversion of OAM emitter. We be-
lieve that this work is essential for exploring the application of
OAM modes in high-dimensional quantum information process-
ing.

2. Results

2.1. Principle

The whole device is fabricated on the silicon platform for both
high nonlinearity and thermo-optical coefficient. The silicon-on-
insulator substrate with top silicon thickness of 220 nm is utilized
here. As shown in Figure 1, to generate the single-photon state
with switchable OAM modes on chip, our proposal is to utilize
the spatially separated single-photon source and OAM emitter.
With proper structural design, a heralded single-photon source
could be realized through degenerate SFWM in SW-WG (yellow
section in Figure 1), where correlated photon pairs are generated
at room temperature.313236] Each photon pair can be divided into
signal and idler photon according to their wavelengths. Through
the wavelength-selecting feature of microring cavity in the OAM
emitter, the signal photon would be coupled into the emitter and
converted to OAM modes, while the idler photon is scattered
from the output grating directly. Thanks to the room-temperature
operation of heralded single-photon source as well as the spatial
separation of the source and emitter, a thermo-optical controller
attached to OAM emitter can be utilized to switch the topologi-
cal charges of generated OAM modes. Finally, the CCs and CAR
between signal and idler photon could confirm the successful
generation of the heralded single photons with switchable OAM
modes. Figure 2a is the microphotograph of the fabricated device
and the pump laser is coupled into SW-WG through the vertical
input grating (shown as the inset in left bottom of Figure 2a).
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For most quantum light sources based on nonlinear pro-
cesses, Raman scattering noise is the main factor deteriorating
the signal-to-noise ratio (SNR). It is worth mentioning that, due
to the crystal nature of silicon material, the linewidth of Raman
scattering is as narrow as 103 GHz and located 15.6 THz away
from the pump frequency.®!! Thus, the Raman noise could be
readily filtered out at room temperature. In order to obtain a
higher nonlinear coefficient, the width and height of the SW-WG
are designed as 460 nm X 220 nm!*?l whose cross-profile is shown
in Figure 2b. Moreover, the length of SW-WG is considered as
the trade-off between the correlated photon-pair generation rate
and transmission loss. After some experimental measurements,
the length is set as 5 mm (see Figure S1 in Supporting Infor-
mation). For generated photon pairs, we take the signal photon
as heralded single photon and idler photon as heralding single
photon in this work. Actually, the heralded single photon is post-
selected by CCs between these two photons. Meanwhile, the cal-
culated CAR can evaluate the SNR of the heralded single-photon
source.l¥-¥]

The design of OAM emitter is based on our previous work.[34l
It consists of a bus waveguide, microring cavity, 32 azimuthally
uniformly distributed download waveguides, and scattering grat-
ing in the center of the cavity. The download waveguides would
pick up part of the whispering gallery mode (WGM) around
the microring cavity and collect them to the scattering grating
(Figure 2d). Conditioned on the intrinsic angular momentum of
WGM, the scattered mode would carry the OAM. When the num-
ber of download waveguides is fixed, the topological charges of
generated OAM modes directly depend on the order of WGM
(details are shown in Supporting Information). Thus, we can vary
the order of WGM with thermo-optical controller (titanium elec-
trode above microring cavity), in turn switching the topological
charges at fixed incident wavelength. To improve the efficiency
of thermo-optical controller, the radius of microring cavity is de-
signed as 200 ym for a narrower free spectral range (FSR) nearly
to 0.5 nm. As shown in Figure 2c, for a lower transmission loss,
the SR-WG is utilized for the OAM emiitter. The etching depth
and width of SR-WG are 70 nm and 1 ym, respectively. Obviously,
there are two types of waveguides corresponding to the heralded
single-photon source and OAM emitter, respectively. Hence, a
transition structure is designed between them so that the SW-
WG is gradually transformed to SR-WG within a length of 100
um.[“] Figure 2e shows the gradually enlarged SR-WG in transi-
tion structure. It should be mentioned that the thermo-optical
controller is also important for precisely tuning the operating
wavelength of the OAM emitter according to the wavelength of
signal photons. By properly setting the wavelengths of the pump
and signal/idler photons, together with the thermo-optical con-
troller, the signal photons can be coupled into the OAM emitter
and converted to OAM modes while the pump and idler photons
are not. [t should be mentioned that only the pure OAM states can
be generated and switched with the OAM emitter in this work.
Actually, the OAM modes can also be employed to achieve super-
imposed quantum states. In our previous work,/*!] an integrated
OAM emitter has been proposed and demonstrated to generate
optical superimposed vortex beam with tunable OAM. Thus, with
such OAM emitter and a quantum source, which is similar to the
heterogenous structure shown in Figure 1, quantum states with
multiple OAM modes could also be obtained.
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Figure 2. Photographs of the fabricated device. a) The microphotograph of the whole device and the inset is the scanning electron microscope (SEM)
photograph of the input grating (same as output grating). b) The SEM photograph of silicon wire waveguide, c) shallow ridge waveguide, d) scattering
grating (marked by white box in (a)), and e) transition structure (marked by gray box in (a)). The period and duty cycle of scattering grating are 630 nm
and 50%, same as the input (output) grating. The platinum is deposited above the waveguide to protect its morphology as shown in (b), (c), and (e).
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Figure 3. The transmission spectrum of the OAM emitter with driving
voltage of a) 0 V and b) 13.97 V. The insets are the zoom-in figures for
more clarity. Some typical topological charges corresponding to the reso-
nant wavelength near A, and 4; are marked in orange boxes.

2.2. The Characteristics of OAM Emitter

To determine the arrangement of pump, signal, and idler wave-
lengths, the transmission spectrum of the OAM emitter is mea-
sured at the beginning. A tunable laser is coupled into the emitter
through the input grating while the laser power is set as 0 dBm
to alleviate the nonlinear loss in SW-WG. Meanwhile, the driving
voltage of thermo-optical controller is set as 0 V and the intrinsic
transmission spectrum of the emitter could be obtained by scan-
ning the resonant wavelength of the OAM emitter. As shown in
Figure 3a, the FSR and full-width half-maximum (FWHM) are
~0.5 and ~0.045 nm, respectively. The corresponding relation
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between the resonant wavelength and topological charge could
be identified through the interference patterns of the generated
OAM modes and Gaussian mode!*] (see Figure S2 in Supporting
Information). There are some typical topological charges marked
below the corresponding resonant wavelength. To avoid the non-
linear process in microring cavity, which would introduce un-
expected noises, the pump photons should directly propagate
through the bus waveguide and be scattered from the output grat-
ing as well as the idler photons. Thus, after considering both res-
onant wavelengths and the group velocity dispersion of SW-WG,
the wavelength of pump laser (4,) is set as 1552.5 nm. More-
over, the signal wavelength has to be aligned with the resonant
wavelength of microring cavity while the idler wavelength does
not and both of them should follow the relation for SFWM as
o, + w; = 20, (0,,0;, and o, are angular frequencies of signal,
idler, and pump photons). As shown in Figure 3, for OAM mode
with | = —6 to —1, the signal wavelength (4,) is set as 1547.72 nm
(marked as green dashed line in Figure 3) while correspondingly,
the idler wavelength (4;) is 1557.36 nm (marked as blue line in
Figure 3). For OAM modes of | = 2—6, A, and 4, are exchanged,
since the resonant wavelength of | = 2 is closer to 1557.36 nm
(more discussion are shown in Supporting Information). More-
over, the spectrum would be red-shifted as increasing the driving
voltage so that an arbitrary resonant wavelength could always be
aligned with the fixed signal wavelength. As an example, the spec-
trum as driving voltage equals 13.97 V is shown in Figure 3b, in
which the OAM mode of I = 4 is aligned with A, while correspond-
ingly, 4; is misaligned with the resonant wavelength. In this work,
limited by maximum driving voltage, 11 OAM modes correspond
to two signal wavelengths (1547.72 or 1557.36 nm). Actually, all
OAM modes could be achieved at a fixed signal wavelength by
increasing the driving voltage.

The emission efficiency and mode purity of OAM emitter
are also evaluated with the tunable laser. Here, the incident
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Figure 4. The mode purities and emission efficiencies of 11 OAM modes.
The insets are the intensity cross-sections of the generated OAM mode
with [ = 0 before (the first one) and after a polarizer. The directions of the
polarization for the latter four insets are marked by yellow arrows.

wavelength is same as A,. Specifically, OAM modes with | =
—6 to —1 and | = 2-6 are measured at the incident wavelength
of 1547.72 and 1557.36 nm, respectively. With a fixed incident
wavelength, the topological charges could be switched by varying
the driving voltage on thermo-optical controller. The emission
efficiency is defined as 22t . Here, P, is the optical power coupled

into the OAM emitter, which can be calculated as the input power
subtracting the vertical coupling loss and the insertion loss of
the SW-WG. P, is the optical power collected directly above
the emitter. According to our experiments, the losses of vertical
coupling and SW-WG are estimated as 7 and 1 dB, respectively.
Then, the emission efficiencies versus varied topological charges
are shown as the blue stars in Figure 4. Moreover, the mode
purity of the generated OAM mode with topological charge of I is
defined as —— ——, inwhich P, (x =1/m) is the power of the OAM

mode with tmc;p(]ological charge of I or m. Here, the topological
charge range of m = —6 to 6 is considered as the bases. It should
be mentioned that the generated OAM modes are azimuthally
polarized, which is a kind of vectorial polarized beam and can be
seen in the insets of Figure 4.1¥] The doughnut intensity profile
in first column corresponds to the OAM mode with | = 0 and the
other four images are the intensity cross-sections after passing
through a polarizer with different directions as marked by the
yellow arrows. More results about measured polarization states
for I = 26 and I = —6 to —1 could be found in the Supporting
Information (Figure S2, Supporting Information). With the
utilized OAM emitter, the polarization of generated OAM modes
would always be azimuthal and keep constant with varied driving
voltage. Actually, the polarization state depends on the coupling
structure to extract the WGM mode. In the microring cavity, the
fundamental mode is the quasi-transverse electric (TE) WGM,
thus if download waveguides or scattering units are distributed
on the sidewall of the cavity waveguide, azimuthally polarized
OAM modes can be generated, which is the case of this work.
When the scattering units are distributed on the top of the cavity
waveguide, the generated OAM modes are radially polarized,
which can be found in our previous work.[*l The azimuthal po-
larization could be equally decomposed to left-handed and right-
handed circularly polarized (LHCP and RHCP) components
with the topological charge donated as I, and I;. They satisfy the
relation of | = I, -1 = I;+1.534 Since the topological charge of I
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and I is different, the azimuthally polarized OAM modes gener-
ated from the emitter should be first decomposed to LHCP and
RHCP components to measure the mode purities. With spatial
light modulator (SLM) serving as a mode filter, a certain OAM
mode would be extracted according to the helical phase masks
on SLM. Since the SLM operates in linearly polarized incidence,
the LHCP or RHCP component has to be transformed to linear
polarization before the SLM. In each measurement of LHCP or
RHCP component, the topological charge of the phase mask on
SLM (1,,..4) would be switched within the range of [ ., =-7to 7
to extract the corresponding modes and 15 values of optical power
could be obtained. The mode purity is calculated as the power
ratio of the considered OAM mode over the sum of all 15 values
(details are shown in the Supporting Information). Here, the val-
ues of mode purity have been averaged with the measured values
of both LHCP and RHCP components and shown as yellow dots
in Figure 4 (the specific results of LHCP and RHCP components
are shown in Figure S5 in the Supporting Information).
Theoretically, a higher mode purity could be guaranteed if the
power extracted by each download waveguide is as equal as pos-
sible. Hence, there is a trade-off between the emission efficiency
and mode purity. In this work, the mode purity is taken more con-
cern than the emission efficiency so that the coupling efficiency
of each download waveguide is set as low as 1%. Correspondingly,
the values of emission efficiency are ranging between 0.93%
and 1.97%. It should be noticed that the emission efficiencies
would decrease with the increasing absolute values of topologi-
cal charge. According to the Nyquist theory, the spatial sampling
rate would be low for OAM modes with high [l due to the fixed
number of download waveguides, which would introduce a lower
emission efficiency. The small fluctuations in measured values
may be related to the deviation of chip fabrication. For mode pu-
rity, most of the measured values are larger than 80% as shown
in Figure 4. Actually, the mode purity is quite critical to the per-
formance of the quantum source, e.g., the indistinguishability of
signal-idler photon pairs. With our proposal, the indistinguisha-
bility is determined by both the heralded single-photon source
based on SW-WG and the OAM emitter. It has been demon-
strated that good indistinguishability of heralded single-photon
source can be achieved with the SW-WG.[*>6] Thus, high mode
purity of the OAM emitter could ensure the indistinguishability
as close as possible to that of the heralded single-photon source.

2.3. The Coincidence Counts of Silicon Wire Waveguide

At first, the performance of the SW-WG serving as the heralded
single-photon source is evaluated. As shown in Figure 3a, with-
out driving voltage, all of the pump, signal, and idler photons are
not coupled into the OAM emitter so that the CCs of the SW-WG
could be measured from the output grating. Here, the pump is
a pulsed laser (40 MHz, 1552.5 nm), coupled into the SW-WG
from the input grating, and then the correlated photon pairs are
generated through SFWM process. Afterward, such photon pairs
would directly propagate through the bus waveguide and be
scattered out of the chip from the output grating. With the help
of vertical coupling, the photon pairs are coupled into a fiber-
based dense wavelength division multiplexer (DWDM). Thus,
the signal and idler photons are separately guided into two single
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Figure 5. The coincidence counts (CCs) of silicon wire waveguide. a) A typical result of CCs. b) The zoomed-in view of main peak corresponding to the
red dashed box in (a). ¢) The zoomed-in view of side peaks with the time delay of 600-800 ns corresponding to the black box in (a).

photon avalanche diodes (SPADs) connected by time-correlated
single photon counting (TCSPC) for CCs measurement. The
typical CCs of SW-WG within 10 min are shown in Figure 5a,
there is a main peak of CCs and some equidistantly distributed
small side peaks, which can be clearly observed in the enlarged
figures as Figure 5b,c, respectively. In Figure 5b, the main peak is
actually broadened due to the time jitter of SPADs.[*’l Thus, the
CCs are calculated as the sum of the five peaks within a time slot
0f 320 ps (the red dashed box in Figure 5b) and the resultis 77.9 K
counts per 10 min. Different from the background noises caused
by the dark counts of SPADs, the time interval of the small side
peaks corresponds to the period of pulsed laser (25 ns) as shown
in Figure 5c.[*8] For a heralded single-photon source, CAR is de-
fined as the ratio of CCs to accidental coincidence counts (ACCs).
Here, the ACCs are estimated as the value of 14 side peaks evenly
distributed around the main peak while the time jitter is also
considered. As a result, 14 values of CAR are obtained and the
maximum and minimum are 52.05 and 34.09, respectively.
Furthermore, the second-order correlation g(z) of this her-
alded single-photon source is measured through the Hanbury-
Brown and Twiss interferometer. Specifically, the signal photons
are equally divided to two SPADs (SPAD1 and SPAD2), while
the time delay between them is 7. The idler photons correspond
to the third SPAD (SPAD3). The g?(0) can be calculated*>% by
%, in which C,,; is threefold CCs of all three SPADs and

13%23

C}53/C,; is twofold CCs between SPAD1/SPAD2 and SPAD3,
while N; and t are the counting rate of idler photons and test-
ing time, respectively. Theoretically, for single-photon source, 0
< £(0) < 1 and lower g(0) means higher purity of the single-
photon source. Here, with Ny = 6000 Hz and ¢t = 600 s, g*(0) is
estimated as 0.14 + 0.04.

2.4. The Coincidence Counts of Heralded Single Photons with
Switchable OAM Modes

With a proper driving voltage, the signal photons could be cou-
pled into the OAM emitter and converted to OAM modes. When
adjusting the driving voltage, the topological charge of OAM
mode can be switched with the A, fixed at 1557.36 nm for | =
2-6 and 1547.72 nm for I = —6 to —1, respectively. Shown as the
orange stars in Figure 6a,b, there is a linear relation between the
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topological charge and driving power. Actually, the resonant or-
der of WGM would increase with higher driving power so that the
corresponding topological charge could be switched. Specifically,
shown as the green squares in Figure 6a,b, for A, = 1557.36 nm,
| = 26 is corresponding to the resonant order of 282-286, while
= —6to —1 is corresponding to 306-311 for A, = 1547.72 nm.

To verify the generation of heralded single photons with
switchable OAM modes, CCs and CAR corresponding to 11 OAM
modes are measured within 10 min. As shown in Figure 6¢,d,
CCs of 27.5-82 and CAR of 16.33-57.63 are obtained for differ-
ent OAM modes. Here, the time slot and calculation method of
CAR are same as the conditions of SW-WG alone except that,
for OAM modes, the final CCs and CAR are the average of those
with RHCP and LHCP components. For CCs shown in Figure 6¢,
there is an obvious attenuation compared with SW-WG alone
(CCs of 27.5-82 vs ~77.9k within 10 min). This mainly comes
from the insertion loss of OAM emitter and detection setup,
which would both increase as the [I] rising (see Figure S6 in Sup-
porting Information). Hence, the CCs shown in Figure 6¢ goes
down for | = 2-6 and then up for I = —6 to —1. For CAR shown
in Figure 6d, two orange horizontal lines represent the range
for SW-WG alone and most CARs of single photons with OAM
states fall in this range. This indicates that the correlation be-
tween photon pairs has been kept after the modulation of OAM
emitter. Moreover, these results demonstrate that the heralded
single-photon source with switchable OAM modes has been suc-
cessfully realized at room temperature. Benefit from the inte-
grated scheme and crystal nature of silicon, the overall CCs and
CAR have been improved significantly compared to our previous
work.[2]

In our experiments, the CCs of heralded single photons with
OAM modes are measured through the SPADs packaged by sin-
gle mode fiber. Thus, an SLM is utilized to convert the quantum
OAM modes to fundamental Gaussian mode. Since the SLM re-
quires linear incident polarization, a quarter wave plate (QWP)
and a polarizer are set in detection system to convert the polar-
ization of generated OAM modes. Together with all these devices
above and the objective lens for collection (coupling efficiency
40%), the losses in detection process are estimated to be —14.53
to —18.96 dB for different OAM modes (see Figure S6 in Sup-
porting Information). Actually, such additional loss introduced
by detection can be avoided in practical applications. It means

© 2022 Wiley-VCH GmbH
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Figure 7. The estimated coincidence counts (CCs) of heralded single pho-
tons after deducting the insertion loss of detection system. The maximum
and minimum values are 3.2k and 1.2k corresponding to the | = —1 and
—6, respectively.

that the usable CCs of heralded single photons with OAM modes
could be estimated as the value before detection setup, which is as
high as 1.2k-3.2k per 10 min. The specific values corresponding
to 11 OAM modes are shown in Figure 7. It can also be seen that
the variation trend of the estimated CCs is very similar to that of
the emission efficiency shown in Figure 4. Additionally, it should
be mentioned that we did not directly measure the second-order
correlation g?(r) and the indistinguishability of the whole source
with OAM mode since the large detection loss makes the three-
fold CCs hard to measure. Actually, the OAM emitter is a passive
device and there is no significant nonlinearity in the microring
cavity, we believe that the g?(0) would not be deteriorated after
the OAM mode conversion and the indistinguishability can be
sustained with the help of high mode purity of the OAM emitter.

3. Discussion

In this work, the whole device consists of two main units: the her-
alded single-photon source based on SW-WG and the integrated
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OAM emitter based on SR-WG. Essentially, this is a kind of het-
erogenous structure assembled on a single chip to achieve both
of the high nonlinear coefficient and thermo-optical coefficient.
Such two characteristics are exactly beneficial to efficiently gen-
erating heralded single photons and widely switching topological
charges. Actually, the same structural design could be utilized on
other material platform. Particularly, the CCs can be improved by
utilizing materials with higher nonlinearity and faster switching
speed which can be achieved with other physical mechanism. For
example, based on the lithium niobate platform, both high non-
linear coefficient®! and high electro-optical coefficient!>?! can be
obtained to realize higher CCs and faster switching of topologi-
cal charges. Furthermore, the spatial separation of the source and
emitter provides more freedom for structural design. These two
units could also be achieved based on two different materials on
the same chip. The primary consideration is that the high non-
linear coefficient is essential for heralded single-photon source
while low loss and feasible tunability are for OAM emitter.
Besides the photon-pair generation rate of heralded single-
photon source, the emission efficiency of OAM emitter is another
factor to determine the final CCs. To improve emission efficiency,
both scattering grating and the coupling efficiency of download
waveguides can be further optimized. For the scattering grating,
the symmetrical structure is adopted in this work so that pho-
tons are scattered in both up and down directions equally while
only the up-direction scattering is collected and measured in this
work. Thus, if a unidirectional scattering structure or a reflective
structure under the OAM emitter is utilized, the emission effi-
ciency could increase nearly 3 dB. For the download waveguide,
the coupling efficiency is considered as the same for each one.
Thus, there is a trade-off between the emission efficiency and
mode purity. A relatively high coupling efficiency could improve
the emission efficiency, however, would lead to nonuniformity
of extracted optical power from different download waveguides.
Specifically, along the propagation direction within the micror-
ing cavity, the coupling power of the first download waveguide
closest to the bus waveguide is the highest, and then decreases in
turn. Thus, in this work, the coupling efficiency of each download

© 2022 Wiley-VCH GmbH
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correlated single photon counting.

waveguide is set as low as 1% to avoid such nonuniformity. To in-
crease the coupling efficiency, one possible solution is to design
download waveguides with gradually varied coupling efficiency
so that the extracted power can keep uniform.

4. Experimental Section

Fabrication of the Device: There were two rounds of etching corre-
sponding to the SW-WG and SR-WG (of OAM emitter) fabricated through
deep (220 nm) and shallow (70 nm) etching, respectively. Then, the tita-
nium and aluminum were successively deposited on the top of the OAM
emitter as the heat resistor and conductive electrode. The whole device
was attached to a printed circuit board for voltage supply.

CCsand CAR:  The experimental setup is demonstrated in Figure 8. Af-
ter modulated to required wavelength (1552.5 nm) and polarization, the
pulsed laser was coupled into the device through vertical coupling grat-
ing. When applying appropriate driving voltage, the idler photons would
be scattered from output grating and detected by SPAD directly. The sig-
nal photons with OAM modes were collected by objective lens and mod-
ulated by wave plates and SLM. Considering the polarization dependence
of SLM, the azimuthal polarization of OAM modes would be converted to
linear polarization by a QWP and a polarizer. After converted to fundamen-
tal Gaussian mode by the phase mask on SLM, the signal photons were
directed into SPAD as well. Finally, the CCs between idler and signal pho-
tons could be obtained through TCSPC. As tuning the driving voltage, the
heralded single photons with different OAM modes could be generated
and detected.
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the author.
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