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High-dimensional entanglement provides valuable resources for quantum technologies, including quantum commu-
nication, quantum optical coherence tomography, and quantum computing. Obtaining a high brightness and dimensional
entanglement source has significant value. Here we utilize a tunable asymmetric Mach—Zehnder interferometer coupled
silicon microring resonator with 100 GHz free spectral range to achieve this goal. With the strategy of the tunable cou-
pler, the dynamical and extensive tuning range of quality factors of the microring can be obtained, and then the biphoton
pair generation rate can be optimized. By selecting and characterizing 28 pairs from a more than 30-pair modes biphoton
frequency comb, we obtain a Schmidt number of at least 23.4 and on-chip pair generation rate of 19.9 MHz/ mW? under
a low on-chip pump power, which corresponds to 547 dimensions Hilbert space in frequency freedom. These results will
prompt the wide applications of quantum frequency comb and boost the further large density and scalable on-chip quantum

information processing.

Keywords: silicon microring resonator, quantum entanglement, biphoton frequency comb

PACS: 42.50.—p, 42.65.-k, 42.65.Lm

1. Introduction

With the prosperity of the photonic quantum industry,
numerous applications with the practical value from quan-
tum computing to quantum communication!-?! have emerged.
Lying at the heart of these quantum technologies, quantum
light sources!® provide available resources and endue them
with quantum advantages. High-dimensional entanglement
is one of the valuable resources for supporting high capac-
ity quantum communication,*! quantum optical coherence
tomography (QOCT),! high-dimensional one-way quan-
tum processing, [ and error-tolerant quantum computation. 7
However, it is still a challenge to further expand the scale
of quantum applications because of the limited quantum re-
sources. One of the solutions can be increasing the physi-
cal qudits or the entanglement dimensionality.l¥! As a feasi-
ble approach to improve entanglement, the biphoton frequency
comb (BFC)[®! has been widely studied. As one of the most
promising architectures, the quantum photonic chips have the
merits of miniaturization, reconfigurability, high integration,
high stability, mass production, and so on.!"°! For on-chip ap-
plications, frequency should be a prominent degree of freedom
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for scaling the Hilbert space in a single waveguide mode with-
out occupying a large physical space of the chip. Quantum
interference and logic gates in frequency space have been suc-
cessfully demonstrated.[!1-1%!

The higher dimensionality usually implies the higher abil-
ity achieved in quantum tasks; hence a high-dimensional fre-
quency entanglement is a long-time goal in this field. How
to further increase the dimensionality is of significant value.
Usually, in order to evaluate the entanglement dimension of
BFCs, we can measure their joint spectral intensity (JSI), and
then calculate the Schmidt number!'?! through singular value
decomposition to give the entangled dimensionality. To our
knowledge, BFCs have been generated from different pho-
tonic chip platforms!'# like the third-order nonlinear plat-
form including silicon-on-insulator (SOD!5-171 and silicon ni-
tride (SiN),“&lg] the second-order nonlinear material, 29211
and high refractive index glass.[*?l The Schmidt number K
in the frequency freedom obtained from the measured JSI is
at most 22.0!'51 by measuring both the JSI and unheralded
second-order correlation g(2.1231 For the BFCs from silicon
nitride microring resonator, the gained maximum Schmidt
number is 20.I18] In Ref. [19], the authors observed 37 mode

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

024206-1


http://dx.doi.org/10.1088/1674-1056/ac3507
pingxu520@nju.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 31, 024206 (2022)

correlated pairs from a 42-pair BFC with a pump power larger
than 20 mW, while there was no detailed calculation about the
Schmidt number. Chang realized a BFC from a second-order
nonlinear PPKTP waveguide with a fiber Fabry—Pérot cavity
as the post-selection, and the Schmidt number was calculated
to be 18.3.1291 An earlier version of this BFC source was char-
acterized with no more than 9 frequency modes.!?!! Kumar ob-
tained K = 10.6 from a periodic sequence of coupled silicon
microresonators chain.['®! In Ref. [22], the authors achieved a
quantum system through two entangled qudits of high refrac-
tive index glass BFC, and they characterized the limited modes
and obtained a Schmidt number of 10.

The dimensionality and brightness of the BFCs are one of
the main concerned parameters that guarantee a high-quality

n.[2*] Tn this work, we demonstrate a recon-

BFC generatio
figurable silicon microring resonator, aiming to generate a
high brightness and dimension biphoton frequency comb at
a low-power consumption that can be widely adopted for
further large density on-chip quantum information process-
ing. For increasing the dimensionality, we design a rela-
tively large circumference to obtain a small free spectral range
(FSR), i.e., a 100 GHz frequency spacing between adjacent
frequency modes. With recently developed high-speed lithium
niobate on insulator (LNOI) electro-optic modulators, 2261
the 100 GHz spacing frequency comb can be manipulated for
quantum information processing.!'?! For the brightness, we
propose to adopt the asymmetric Mach—Zehnder interferom-
eter (AMZI) as the tunable coupler for the microring to of-
fer a tuning range of quality factors to optimize the bright-
ness or pair generation rate (PGR) of the biphoton frequency
comb. Experimentally, we fabricate a CMOS-compatible sil-
icon chip that is an efficient nonlinear platform for lowering
the required pump power. An at least 23.4-dimensional fre-
quency entanglement spanning 547 dimensional Hilbert space
resource with on-chip pair generation rate of 19.9 MHz/ mw?
is obtained at a low on-chip power.

2. Theory and experiments

The AMZI-coupled microring resonator was firstly pro-
posed by Barbarossa in Ref. [27], then has been widely

(281 sensing,”) and improving the

used for tunable filtering,
PGR % of photons. Here, we dynamically modulate the qual-
ity factor Q of the microring with this AMZI as the coupler,
then optimize the PGR and characterize the dimensionality of
quantum entanglements around this high PGR working point.
The AMZI-coupled microring is shown in Fig. 1(a). The sili-
con waveguide covered with SiO; has a width of 500 nm and
a height of 220 nm. The two gaps between AMZI and the mi-
croring are both 200 nm which guarantee that the microring
can be in different coupling status, and the length difference
between the two arms of AMZI is 2R, where R is the radius

of the microring with 112 pum that corresponds to the 100 GHz
free spectral range (FSR) which is compatible with commer-
cial dense wavelength division multiplexing (DWDM). The Q-
factors of the AMZI-coupled microring can be expressed as

L S
Qt,v Qint,v Qext,v ’

where Oy, Oin and Qey; are the total, intrinsic and extrinsic

ey

quality factors, respectively, the subscript v represent pump
(p), idler (i) or signal (s). Besides, Qini = @0/ (V) is deter-
mined by the round-trip loss coefficient o inside the ring. The
Qext = 2TR®/ (V|Ke|?) is related to the equivalent coupling
coefficient K. between the microring and waveguide. Here V,
is the group velocity of the ring, R is the microring radius, and
o is the center angular frequency. Combine all-pass microring
theory and the AMZI theory,?” K, = itk(e (BALHY) 1 1),
where ¢ and k are the electric field amplitude coupling coef-
ficient and transmission coefficient of the coupler satisfying
1> +k* = 1, B is the propagation constant related to the wave-
length, AL is the arm length difference, and ¥ is the modu-
lation phase controlled by the voltage applied on the resistive
heater of the thermal-optic phase shifter. Figure 1(b) shows
the theoretical transmission efficiency and |K.|? changing with
wavelength under two different ¥. The phase ¥ can modulate
K. and then the extrinsic quality factor Qext and Qint/Qext can
be modulated. According to the different values of Qjn/Qext
we can divide the working status of the microring into three
regions. Specifically, when Qi /Qext = 1, the amplitude in the
microring can be maximized, and the transmission efficiency
at this point is near 0. We call this state critical-coupling and
define the |K.|? in this point as |K¢|*>. When Qini/Qext > 1, that
means |Ke|? > |K.|?, the state turns into over-coupling, and the
most over-coupling point refers to the coupling state when the
maximum value of Qi /Qext is achieved on the structure we
use. While when Qiy/Qex < 1, that means |K.|? < |K.|?, the
state becomes under-coupling. Under different coupling sit-
uations, we can get different spontaneous four-wave mixing
(SFWM) efficiencies.

From the references, >3!] the PGR of the m-th pair spec-
tral modes is closely related to the value of Qin/Qext. Specifi-
cally,

4.2 p2 N4 3
8Ve 1 Py 0ip i)
3+20R202 2
QR ,0

ext,p=ext,s(i)

PGR = 2)

Among them, ¥ is the nonlinear parameter of ¥, P, is the
pump power, and £2;, is the resonance frequency of the pump
light. Qey is the extrinsic quality factor of the m-th entangled
frequency photon pair that varies with ¥, which can be given
by the following formula:

2R

Qext = Vg‘itk(eii<ALﬁSQS’m+lP) + 1)|27

3
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where €, is the resonate frequency and f; is the propagation
constant of the m-th mode signal photon. Since AL = 27R will
lead to the extrinsic quality factors of all resonance modes in-
cluding pump, signal, and idler being the same, and therefore
the total PGR of all frequency modes can be finally expressed
as a function of Qiy/Qext Which is in the same form of the m-th
frequency pair’s PGR. In fact, when the microring is manufac-
tured with a fixed AL and coupling gap, we can change the
voltage applied to AMZI, thereby equivalently changing the
coefficient K., and then determining Q and further affecting
PGR.

The experimental schematic is shown as Fig. 2. A tun-
able laser is coupled into the silicon chip through the on-chip
grating, and the BFC from SFWM inside the microring is
generated and coupled out again through an on-chip grating
then passes through a filtering system to reach superconduc-
tor nanowire single-photon detectors (SNSPD) finally. When
the pump laser at 1549.315 nm was coupled to and decou-
pled from the chip by coupling fiber arrays and the waveguide
grating array, the total insertion loss was about 7.68 dB and
each facet insertion loss was about 3.84 dB. We define the on-

chip pump power as the power that is coupled into the chip
through one facet coupling for fiber arrays to the waveguide
grating array with an insertion loss of 3.84 dB. Before this, the
pump power has suffered a transmission loss of 0.47 dB, then
passes through the polarization controller and filter with a loss
of 1.14 dB. The tunable CW laser has a line width of 0.4 MHz
and a wavelength tuning range of 1500 nm to 1630 nm. The
adjustment accuracy of the temperature controller (TEC) for
the silicon chip is 0.01 °C; it is an automatic temperature
adjustment system combining a Peltier with a negative feed-
back module. The tunable filter supports independently tun-
able center wavelength and bandwidth. It has a 1525 nm to
1610 nm tuning range and 0.08 nm minimum filter bandwidth;
when the bandwidth is set to 0.2 nm, the insertion loss is about
6 dB. The digital-to-analog voltage converter (DAC) is an ad-
justable voltage controller with 8 channels, and each channel
has an accuracy of 0.01 V. The timing analyzer (TA) has a
78 ps time bin width. Besides, the dark counts of the two
SNSPDs are 150 Hz and 200 Hz, with efficiencies of 74% and
75%, respectively.

27R (b)
(a) Heat;er\A j -
v || Metal pad 08 Y 0.296
2 06l F % 0.222
ke 9 : i ¥
n : .
= 2 0.41—|: : 0.148 <
Waveguide & 0.2 S R O 0.074
/ WV ERVAV BRVAV;
1548.5 1549.0 1549.5 1550.0
A (nm)

Fig. 1. (a) The structure of the experimental AMZI-coupled microring, the resistive heater can be powered through the metal pads. The k refers
to the electric field amplitude coupling coefficient, and ¢ refers to the electric field amplitude transmission coefficient that satisfies 12 + k% = 1.
(b) The theoretical transmission efficiency and |K.|? changing with the wavelength under two different phases. When the phase changes from
¥ =0to ¥ = 0.667, the transmission efficiency becomes smaller because of the equivalent change of K.

Source

Photon pairs

F
E
olt
e -
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| Detecting

Filtering

Fig. 2. The schematic diagram of our experiments. Here, PC, polarization controller; PM, power meter; BS, beam splitter; D, superconducting
nanowire single-photon detector (SNSPD); TEC, temperature controller, it is an automatic temperature adjustment system combining a Peltier with
a negative feedback module; DAC, digital-to-analog voltage converter, it is an adjustable voltage controller with 8 channels, and each channel has
an accuracy of 0.01 V; DF, DWDM filter; TF, tunable filter; TA, timing analyzer.

Experimentally first we make linear optical tests on the
AMZI-coupled microring. We fix the laser wavelength at one
of the resonance wavelengths of 1549.315 nm and then change

the voltage applied on the AMZI to observe the transmission

power. The critical-coupling is experienced twice at 3.0 V
and 5.5 V respectively, during the voltage scanning from 0
to 8.5 V. We fix the test range from 4.3 V to 5.7 V, the cou-

pling state changes from over-coupling to critical-coupling to
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under-coupling. Detailedly when the voltage is in (4.3, 5.7),
we measure the transmission dips and calculate to find the
coupling state’s different attributes. An extinction ratio (ER)
of —32.2 dB is obtained at the critically coupled voltage of
5.5 V. Table 1 shows the relationship between the voltage, Q,
Oint/ Qext> ER, full width at half maximum (FWHM), and res-
onance wavelength center (RWC). The third row is Qin/Qext
under different voltages, they change from 4.2 to 0.7 when
the voltages vary from 4.3 V to 5.7 V, that means we can
get different operating status of microring being over-coupling
(Qint/ Qext € (1.0,4.2)), critical-coupling (Qin/ Qext = 1.0) and
under-coupling (Qint/Qext € [0.7,1.0)). Another thing that
should be noted is that during the changing of AMZI’s volt-
age, the resonance wavelength center is shifted a little due to
the thermal crosstalk, and we characterized this shift and mea-
sured the transmission both at the optimal wavelength.

Table 1. The relationship between the voltage, Q, Qini/Qexi» ER,
FWHM, and RWC (‘# indicates the results minus 1549).
Voltage (V) 4.3 4.5 49 5.3 5.5 5.7
Q (10%) 429 416 412 5.1 5.66 5.98
Qint/ Oext 4.18 42 3.6 1.8 1.0 0.7
ER (dB) 420 -420 -495 -1046 -3222 -13.98
FWHM (nm) 0.036 0.037 0.038 0.030 0.027 0.026
RWC* (nm) 0320 0.318 0315 0316 0318  0.321

Then we focus on how to gain large PGR from the mi-
croring at a fixed relative low pump power. Figure 3(a) shows
the theoretical relationship between the PGR, Qin¢p/Qext,p and
Oines(i) / Oy(;) according to Eq. (2). When the Q value between
the pump and the signal (idler) is independent, the maximum
conversion efficiency point appears at Qi (i) / Oexi,s(i) = 2 and

() I— 1.0 (b)
= 45, / -0.8 .
;.; 7/ é
S) / -0.6 o

< 30 / . g
= 7 . -04 &

¢ (4/3, 4/3) 0.2

0 ' 0
1.5 3.0 4.5 6.0
Qinmp/cht,p

1.0

0.8

0.6

0.2

Qintp/ Qext,p = 1. When the Q value between the pump and the
signal (idler) is the same and correlated, as shown by the black
dotted line, the maximum conversion efficiency point appears
at Oings(i)/ Qext,s(i) = Qint,p/ Qextp = 4/3. The O value between
the pump and the signal (idler) of our working point is the
same, that means Qin (i) / Qext,s(i) = Qint,p/ Qextp- To facilitate
comparison with theoretical values, we define the normalized
PGR as the measured value divided by the maximum value of
all measured values. Fix the on-chip power at a suitable value,
we explore the dependence of the normalized PGR of modes 5
(1545.299 nm) and —5 (1553.363 nm) with an on-chip pump
power of 143 uW. Figure 3(b) shows the results. It is clear to
see that we gain the maximum PGR in the slight over-coupling
region when Qjn/Qext € (1.4,1.8). The measured maximum
coincidence count of pair (5, —5) is 56 Hz, and the pair gener-
ation rate (loss subtracted) is calculated to be 1.50 MHz/mW?2.
Besides, the black dashed line is the theoretical value when
Oint/ Qext Of the signal, idler and pump are identical, and the
maximum point appears when Qin/Qext &~ 4/3, which indi-
cates that the experimental result is consistent with the theory
basically. Therefore the PGR can be improved through the
tunable extrinsic quality factor of the AMZI-coupled micro-
ring. This improved PGR value reaches a high level when
compared to other published works.3>33 It should be noted
that this AMZI-coupled microring can ensure the high PGR
by only one-run fabrication. It is of practical use since usually
precise coupling efficiency of the microring requires precise
control on the coupling gap between the waveguide and mi-

croring which needs multiple-run fabrication tests.

y L
~
/ A +
14 \\\ + +“
II \\\
0.4 ,"+ TS
! + t Exp. -- Theo.
0.5 1.5 2.5 3.5 4.5
Qint,p/Qext,p

Fig. 3. (a) The theoretical normalized PGR (color bar) changing with Qin¢p/Qext,p and Qim‘s(i) / Qexis(i)- The black dashed line is the result
when assuming Qin,/Qext,v are dependent, where v is signal, idler or pump. The maximum value appears when Qin ,/Qext,y = 4/3. (b) The
experimental PGR changing with Qjn/Qexi. The black dashed line is the theoretical curve of the PGR when Qin,/Qext,v Of the pump, signal

and idler are identical.

We scan the input frequency from 1517 nm to 1582 nm
and gain about 80 modes of the transmission spectrum. The
on-chip coupling efficiency 7 refers to the ratio of the pump
power before coupling to the chip through the waveguide grat-
ing array and coupling out of the chip. Figure 4(a) shows the
normalized grating coupling efficiency when the wavelength

changes from 1517 nm to 1582 nm (normalization means that

all coupling efficiencies are divided by the maximum of them).
The FSR is deduced to be 100 GHz which consists well with
the theoretical design. The envelope of this transmission spec-
trum is mainly determined by the grating coupler which cou-
ples the pump laser into the chip. We set the on-chip power at
143 uW and measure all the photon pairs of the combined fre-

quency with the mode number varying from 1 to 30. Totally,
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there are 30 x 30 = 900 measurements. Moreover, for each
measurement, we utilize 30 seconds to perform coincidences
counting (CC), and we need 27000 seconds to measure the JSI.
At Qint/Qext = 1.8 which corresponds to a high PGR as illus-
trated in Fig. 3(b), the JSI is measured and shown in Fig. 4(b).
Since the first two pairs of entangled photons close to the pump
have a poor signal-to-noise ratio (CAR) which is shown by
Fig. 4(c), we choose 3 (—3) to 30 (—30) pairs for the Schmidt
number calculation, and the JSI after removing the first two
pairs is shown in Fig. 4(d). It is clear to see that the diagonal
elements dominate the complete coincidences, and this illus-
trates the good properties of the optical frequency comb we

(a) 1.0 — Exp.
0.8 — Fitt.
0.6

=
0.4
0.2
0
1520 1540 1560 1580
A (nm)
(b)

4 —20 < N
Yey. 301 G

generated. The Schmidt number calculated from this raw data
is 22.1. To restore the generation of on-chip photon pairs truly,
we need to deduct the facet grating’s coupling efficiency with
cc/ +/MsMi, where CC is the measuring coincidences counts,
ns and 7m; are the coupling efficiencies of the signal photon
and idler photon, respectively. The revised Schmidt number
is 23.4 which corresponds to 547 dimensions Hilbert space in
frequency freedom. The total coincidence count for all fre-
quency pairs is 742 Hz and the pair generation rate (loss sub-

tracted) is 19.9 MHz/ mw?> by summing up all the frequency

pairs.
(¢) 3500 ;
o 2500 - .
1500 Lt
5001 .
1 10 20 30
Pairs
(d) =3
_103
—12
5 102
Tz
—21 10!
—30 \ 100
3 12 21 30
Signal

Fig. 4. (a) The experimental results of the normalized coupling efficiency when the wavelength varies from 1517 nm to 1582 nm, and the red
line is the fitting result of a Gaussian function. (b) The coincidence for 30 pairs of a total of 900 measurements. (c) The CAR of 30 photon pairs.
(d) The measured JSI from mode 3 (—3) to 30 (—30) at the coupling point of Qiy¢/Qext = 1.8. The color bar is CC in logarithmic coordinates.

3. Discussion and conclusion

In conclusion, we demonstrated a 100 GHz spacing
biphoton frequency comb that matched the ITU frequency grid
and obtained at least 23.4-dimension frequency entanglement,
which corresponds to 547 dimension available frequency re-
sources in Hilbert space. This high-dimensional frequency
entanglement is achieved with a high pair generation rate of
19.9 MHZ/mW2 at a relatively low on-chip pump power of
143 uW, which is ensured through the accurate coupling con-
dition of microring by using AMZI as the coupler. This struc-
ture design can also be extended to other materials such as
SiN, 8] Jithium niobate (LN),?*] etc. Actually, if we replace
the grating coupler with an end coupler, move the pump light
to a more suitable wavelength range, or design the disper-
sion of the waveguide,®>! we can measure higher dimension
BFC. This type of low-power consumption and high-quality
quantum frequency comb can be high-density designed on the

quantum photonic chip for further applications of large-scale
quantum computation and quantum communications.
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