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We reveal the generation of a broadband (> 1.9 THz)
bi-photon quantum frequency comb (QFC) in a silicon-on-
insulator (SOI) Fabry–Pérot micro-cavity and the control of
its spectral correlation properties. Correlated photon pairs
are generated through three spontaneous four-wave mixing
(SFWM) processes by using a co-polarized bi-chromatic
coherent input with power P1 and P2 on adjacent reso-
nances of the nonlinear cavity. Adjusting the spectral power
ratio r=P1/(P1 +P2) allows control over the influence of each
process leading to an enhancement of the overall photon
pair generation rate (PGR) µ(r) by a maximal factor of
µ(r= 0.5)/µ(r= 0)≈ 1.5, compared to the overall PGR pro-
vided by a single-pump configuration with the same power
budget. We demonstrate that the efficiency aND of the non-
degenerate excitation SFWM process (NDP) doubles the
efficiency a1 ≈ a2 of the degenerate excitation SFWM pro-
cesses (DP), showing a good agreement with the provided
model.
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The scalable practical generation and control of photonic
quantum states will enable quantum signal and information pro-
cessing for applications in quantum secured communications
[1], quantum computing [2], quantum random number gen-
eration [3], and metrology beyond the classical limit [4]. In
particular, correlated photon pairs generated inside a nonlinear
cavity via SFWM processes contain a high number of equidistant
frequency modes, forming large-scale high-dimensional quan-
tum states [5,6], called QFCs. Such states are relevant for the
implementation of quantum information processing and quan-
tum communication [1]. Particularly, manipulating QFCs can

lead to states with more complex structures, e.g., cluster states
which are a key element for “one-way” quantum processing [7].

A strategy to generate more complex states is the consid-
eration of several different superimposed SFWM processes
in a single device which can enable the manipulation of the
correlation characteristics by controlling the spatial properties
[8,9], polarization [10], or the spectral distribution [11] of the
input field. The efficiency of photon pair generation using a
single-pump and dual-pump (non-degenerate) SFWM has been
theoretically studied [12,13]. It was demonstrated that the PGR
can be enhanced by tailoring the cavity resonance properties and
the input field’s spectral bandwidth: the energy is redistributed
in the spectral domain in such a way that the generation is only
allowed at the resonance frequencies of the cavity [12] in con-
trast to a non-cavity configuration. Furthermore, a bi-chromatic
excitation configuration that induces two SFWM processes with
different polarization states has been demonstrated in a micror-
ing resonator [10,14] leading to a single-photon seeded effect
with additional induced frequency correlations. Moreover, a suc-
cessful application of the pulsed dual-pump scheme resulted in
the generation of squeezed light from a microring [15] and the
formation of a nanophotonic molecule [16]. For both cases, an
enhancement in the quality of the degenerated output squeezing
was achieved by suppressing various parasitic nonlinear pro-
cesses. These included a degenerate excitation process (DP),
a non-degenerate excitation process (NDP), and a stimulated
(seeded) FWM process that could occur even at low-power inten-
sities, potentially leading to a parasitic cascaded FWM process
[17]. The identification and control of these processes are fun-
damental to achieve high-quality quantum states, to enhance the
quality of squeezing [15,16] and to avoid decoherence [18,19].

Our motivation is to investigate the controllable generation of
high-dimensional quantum states by shaping the spectral corre-
lations between the signal and the idler photon through a set of
SFWM processes produced in a nonlinear integrated cavity. A
rigorous study about the influence of multi-frequency excitation
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Fig. 1. (a) Scheme of the integrated cavity. In a bi-chromatic
pump configuration, two photons from these fields are annihilated
to generate a signal and an idler photon. (b) Representation of the
three SFWM processes: in DP-1 (DP-2), two input photons with
the same frequency ωp1,(p2) are annihilated to produce a pair of
correlated photons on frequency modes symmetrically located to
the excitation frequency. In NDP, one photon with frequency ωp1
and another with frequency ωp2 are annihilated to produce a pair
of correlated photons on frequency modes symmetrically located
to the average frequency of the two input fields. (c) Calculated JSI
with an arbitrary phase matching showing correlations between the
first 10 signal and idler modes. Colored lines show the three sets
of anti-correlated modes generated by the different processes DP-
1 (red), DP-2 (blue), and NDP (yellow). A white-marked region
indicates the spectral extent of the input field rejection filter.

on the spectral emission properties of the photon pairs has not
been performed. In this work, we use a dual-frequency exci-
tation field with variable intensities to investigate its effect on
the photon pair spectral emission. This approach can be further
extended to multiple-frequency input fields.

Exploiting a dual-pump configuration scheme in the third-
order χ(3) nonlinear SOI integrated Fabry–Pérot cavity
[Fig. 1(a)], we generated a bi-photon QFC using two continuous

Fig. 2. Two fiber-coupled CW lasers with frequencies ν1 = 193.363 THz (light green) and ν2 = 193.418 THz (dark green) are superimposed
at a 50:50 fiber beam splitter (FBS) and guided through a variable attenuator (VA) that controls the total power. A manual polarization controller
(MPC) assures the TE00 mode, and a 100 GHz filter (DWDM-1) suppresses undesired laser frequency sidebands. The dual-frequency field is
coupled into the cavity (IFPC) using a PM fiber lens. Two photons from this field are annihilated inside the cavity, and a photon pair (signal and
idler) is generated through an NDP or DP. The output is coupled with a fiber lens and guided through a notch filter (200 GHz bandpass) (DWDM-
2) centered at 193.4 THz. The remaining input field is guided through the transmission port and then splits to measure power (PM) and spectra
(OSA) continuously, while the generated photons (represented as colored spheres) are guided through the reflected port to a programmable
filter that separates the signal s (violet) and the three type of idler photons i1 (red), iND (yellow), and i2 (blue). Subsequently, coincidence
measurements are performed using superconductive nanowire single-photon detectors (SNSPDs) and correlation measurements with a time-
to-digital converter (5 ps resolution mode). Inset (*): correlations between s and i1, and i2 and iND modes are represented with colored lines
according to the type of SFWM generation process; a gray rectangle encloses the frequencies blocked by the input field rejection filter.

wave input fields with power intensities below the threshold
of parametric oscillation and centered at adjacent resonant
frequencies of the cavity. The dual co-polarized input field exci-
tation leads to the generation of three distinct sets of frequency
anti-correlated modes through two DPs (DP-1 and DP-2) and
one NDP process [Fig. 1(b)]. Fig. 1(c) shows a representation of
the joint spectral intensity (JSI) which yields the spectral shape
of the generated quantum state [11], revealing the correlations
between the different frequency modes.

In our model, we consider two electromagnetic fields imping-
ing on a χ(3) nonlinear cavity with total power P = P1 + P2 and
frequencies centered at the cavity resonances νj, j = 1, 2, respec-
tively; the DP-j with an efficiency aj has a PGR µj(Pj) = ajP2

j ,
while µND(P1, P2) = 2aNDP1P2 accounts for the PGR of the cor-
responding NDP, which has twice the probability of occurrence
of the DP case due to the presence of two input fields. Written
in terms of the ratio r = P1/P and the total power P, the overall
PGR (µ(r, P) = µ1(r, P) + µND(r, P) + µ2(r, P)) is

µ(r, P) = a(r)P2

= (a1r2 + 2aNDr(1 − r) + a2(1 − r)2)P2,
(1)

where a(r) is the overall efficiency for a dual-pump that includes
the three SFWM processes involved. Labeling the resonant cav-
ity modes with integer numbers and choosing the frequency of
the input fields centered at the modes 0 and 1, the quantum state
generated at the output is

|Ψ⟩ = |vac⟩ + η[
∑︂
m=0

(αm
1 |m⟩s | − m⟩i+

+ αm
ND |m + 1⟩s | − m⟩i + α

m
2 |m + 1⟩s | − m + 1⟩i)].

(2)

Each term in Eq. (2) fulfills the corresponding energy con-
servation for the different processes. The state probabilities
|αx(r)|2 = µx(r, P)/µ(r, P), with x = 1, 2, ND, define the gener-
ation probability of the correlated modes, i.e., the fractional
contribution of each process to the overall generation. Each sig-
nal mode |s⟩s has a detection correlation with three different idler
modes that correspond to the DP-1, DP-2, and NDP processes.
We can write the projection on this frequency mode as
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Fig. 3. (a) PGR as a function of the output power for r = 0, 0.5, 1.
A quadratic function fit allows the calculation of the efficiencies for
the single-input excitation cases (a1 = 4.55 ± 0.03 × 1010cc/sW2,
and a2 = 5.01 ± 0.03 × 1010cc/sW2) and the dual-pump case (a(r =
0.5) = 6.64 ± 0.03 × 1010cc/sW2). (b) Measured CAR as a function
of the output power for r = 0, 0.5, 1. The solid lines are spline curves
used to guide the eye.

s⟨s|Ψ⟩ = (αs
1 | − s⟩i + α

s
ND | − (s − 1)⟩i + α

s
2 | − (s − 2)⟩i), , (3)

where the values |αs
x |

2 = µx(r, P)/µs(r, P) are proportional to
the PGR output at the signal mode |s⟩s for the process x and
are normalized for each projection (|αs

1 |
2 + |αs

ND |
2 + |αs

2 |
2 = 1).

To obtain the state coefficients in Eq. (3), we performed two
experimental measurements: (M1) determining µ(r, P) for r =
0, 0.5, 1.0 to quantify a(r) for the single- and dual-pump cases,
and (M2) determining µs

x(r, P0) at the power P0, which allowed
quantifying |αs

x |
2 at a spectral power ratio r.

A scheme of the experimental setup is shown in Fig. 2. For
(M1) we used a transmission mask with two 1.5 THz bandwidth
filters, each centered at 192.45 and 194.35 THz respectively, to
separate the signal and idler photons and measure their time cor-
relations with the detectors D1 and D2. For the special cases of
r = 0, 0.5, 1.0, we measured the PGR µ(r, P) and coincidence to
accidental ratio (CAR) following the method described in [20].
We fitted a quadratic function [Fig. 3(a)] to obtain the PGR effi-
ciencies for the single-pump cases a1 and a2, respectively, and the
overall efficiency a(r = 0.5). We found that a(r = 0.5) ≈ 1.5a1,2,
which demonstrates an overall enhancement of the PGR. The
CAR value [Fig. 3(b)] for the dual-pump case (r = 0.5) reaches
a maximum of 125 at around 5 µW. Each single-pump case
(r = 0, 1) shows a lower CAR value. This demonstrates that for
the double excitation, SFWM photon pairs are generated in a
larger amount with respect to noise photons. Nevertheless, the
ratio CAR(r = 0.5)/CAR(r = 0) diminishes from 1.6 at 5 µW to
1.2 at 20 µW, showing a larger noise increment with higher pow-
ers. For (M2) the state probabilities |αs

x |
2 for s = 5, . . . , 40 at a

measured output power of P0 = 11µW were determined by per-
forming three different coincidence measurements, specifically
for the same signal frequency and the corresponding three differ-
ent idler frequencies [(see Eq. (3)]. The signal/idler frequencies
were resolved with 25 GHz bandwidth filters and then guided
to four single-photon detectors (Fig. 2). The frequency chan-
nels sent to the three idler detectors were cyclically permuted.
This allowed averaging the losses of the three idler detection
paths. The different detection efficiencies and losses would
otherwise influence the measurement outcomes. Measurements
were conducted for 4 minutes per permutation cycle c for three
cycles resulting in a total measurement time of 12 minutes per
signal mode. The state probabilities determined from the projec-
tion s⟨s|Ψ⟩ were then calculated by |αs

x |
2 ≈

∑︁3
c=1 µ

s
c,x/

∑︁3
c=1

∑︁
x µ

s
c,x

X=1  2  ND  Total CC 

c
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Fig. 4. State probabilities of the different x-SFWM processes
at the signal mode s and measured total coincident counts (black
line) are shown for (a) r = 0.5 and (b) r = 0.8. The correspond-
ing measured CARx is shown in (c) and (d). In (e) the coincidence
counts measured for each process normalized by the total coinci-
dence counts are shown. A colored solid line shows a best fit with
our model. A red and black rectangle encloses the measured values
for r = 0.5 and 0.8, respectively. The error bars were calculated
assuming a Poisson distribution. (f) JSI measured for the modes 22
to 29 with steps of 25 GHz corresponding to the half free-spectral
range of the QFC showing no significant off-resonance photon pairs
and no additional noise. For all cases in this figure, the colors corre-
spond to the different x-SFWM processes: DP-1 (red), DP-2 (blue),
and NDP (yellow).

with x = 1, 2, ND and c as the number of the cycle. We performed
this measurement for 35 signal modes and 11 different power
ratios r. In Fig. 4 the measured total coincidence counts µs and
the state probabilities |αs

x |
2 [Figs. 4(a) and 4(b)] with the cor-

responding CAR [Figs. 4(c) and 4(d)] for the cases (r = 0.5)
and (r = 0.8) are shown. For r = 0.5 it can be observed that the
PGRs for the DP-1 and DP-2 processes are nearly equal µs

1 ≈ µ
s
2,

whereas the NDP process is approximately four times higher
µs

ND ≈ 4µs
1. For r = 0.8 it can be observed that the PGR for the

DP-2 process goes to zero µs
2 ≈ 0, and the PGR of the ND and

the DP-1 processes are equal µs
ND ≈ µs

1. This demonstrates our
ability to tailor the JSI spectral shape and the influence of each
process as a function of r. In both cases, the maximum CARx

value is above 800, while for the frequency modes spectrally
close to the input fields, a low value of <100 is observed, which
is explainable by the leakage of the pump through the DWDM
filter and Raman gain in Si [21]. In all considered cases, we
observe a QFC bandwidth ≳ 1.9 THz. The CAR values for a
particular mode are greater than those measured in (M1); this
is a consequence of the filter size that avoids noise outside our
frequency region of interest. This effect can be applied to use
the filtered idler mode as a high-quality heralded-single-photon
source with the disadvantage of having lower PGRs [22]. To
obtain the fraction of photon pairs µx(r, P0)/µ(r, P0) generated
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by each process [Fig. 4(e)], we integrated the coincidence counts
over the 35-mode measurement for each r value for each process.
Using the measured values for a1 and a2 obtained in (M1), a best
fit was performed using our model, yielding the relative effi-
ciency values aND/a1 = 2.03 ± 0.07, a2/a1 = 1.10 ± 0.01, and
a(r = 0.5)/a1 = 1.54 ± 0.09.

These values show a good agreement with our model [Eq. (1)]
under the assumption that the efficiencies for the DP processes
are equal a2 = a1 and the efficiency of the NDP process is
aND = 2a1. Substituting these values in Eq. (1), we find a dual-
pump PGR enhancement factor of a(r = 0.5)/a1 = 1.5, which
agrees with our measurement and is also consistent with the
previously measured efficiency values. The fact that aND is twice
as much as the efficiency a1 can be understood in terms of the set
of SFWM continuous processes that form each DP and NDP:
#NDPcontinuousprocesses
#DPcontinuousprocesses =

σ1×σ2
1
2 σ

2
2
= 2.0, where σ2

1,2 are the frequency
bandwidths of the first and second laser source, respectively. We
observe that in the range 0.2<r<0.8, the NDP PGR is µND>µ1,2

showing a maximum at r = 0.5 where the PGR is four times
higher than the PGR associated to the DP (µND ≈ 4µ1,2). This
behavior demonstrates that the NDP process has a main role
in the photon pair generation in a multi-frequency excitation
scheme. Independently, the off-diagonal and off-cavity reso-
nance contributions were investigated by measuring a portion
of the JSI in a 14 × 14 matrix [Fig. 4(f)]; there is no signif-
icant contribution on these spectral components by the used
dual-pump scheme showing that the correlated photon pairs are
generated just in the three diagonal lines defined by the three
types of SFWM processes considered in our model.

We generated efficiently photon pairs [23] using a dual-pump
configuration without observing the cascaded nonlinear inter-
actions that usually occur in other platforms like silicon nitride
[24] or AlGaAsOI [20]. The absence of a seeded effect can be
explained by the high two-photon absorption present in SOI
platforms. We thoroughly explored several dual-input field con-
figurations varying the spectral power ratio r. We identified
the generation of different spectral correlations in a bi-photon
QFC generated through two DP and one NDP SFWM pro-
cesses. We showed the availability to shape the correlations
through the control of the influence of each process and success-
fully modeled this effect. We demonstrated that the efficiency
aND = 2.03a1 of the NDP process occurring in a dual-pump
configuration is responsible for an overall PGR enhancement:
µ(r = 0.5)/µ(r = 0) = 1.54.

These results represent a major step in understanding the gen-
eration mechanism of high-dimensional time-frequency states
through the control of spectral correlations. Using synchronous,
pulsed, higher-power input fields could lead to higher values
of the PGRs from a multi-frequency excitation configuration
and the creation of multiple bi-photons, simultaneously. Passing
multiple photons correlated to each other through reconfigurable
phase gates may enable the realization of more complex states,
e.g., cluster states that can be applied to one-way quantum
processing [1,7].
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