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Generation and control of quantum states of light on an integrated platform has become an
essential tool for scalable quantum technologies. Chip scale sources such as nonlinear optical micro-
cavities have been demonstrated to efficiently generate entangled bi-photon states. However these
systems have little control over the continuous variable time-energy entanglement of the photons.
We demonstrate such control by preparing bi-photon states with asymmetric temporal wavefunc-
tions by selectively modifying the density of states of the cavity modes taking part in the interaction
using Rayleigh scattering-induced strong coupling of optical modes of a resonator. These states re-
veal exotic coherence properties and show a path forward for continuous variable quantum state
engineering on a chip.

I. INTRODUCTION

Behaviors of natural systems with quantum mechani-
cal degrees of freedom have proven to be useful not just
for better understanding the physical world but for their
impact in areas such as computing [1], communication [2],
simulation [3], security [4, 5], and metrology [6, 7]. Such
applications invariably rely on generation of quantum
states and their control. Efforts have been undertaken
to precisely engineer these systems to create sources of
novel quantum states. Among these systems, photons
have emerged to be of great promise as a carrier of quan-
tum information [8–13] owing to their robustness against
noise, ease of control and versatile set of degrees of free-
dom to encode quantum information such as polarization,
path, spatial mode, time and frequency.

One of the most efficient methods of generating quan-
tum states of light is based on optical parametric pro-
cesses such as spontaneous parametric down conversion
(SPDC) and spontaneous four wave mixing (SFWM).
These sources generate time-energy entangled photon
pairs and have been demonstrated to also produce en-
tanglement in discrete variables such as polarization and
path [14–16], spatial mode [17, 18] , time and frequency
bins [19, 20] etc. Efforts have been made to engineer the
continuous variable time-frequency entanglement that
emerges from these processes, for example, by manip-
ulating pump properties, engineering dispersion of the
nonlinear medium to obtain exotic phase matching con-
ditions or by time or frequency domain post-processing of
the generated photons [21–29]. These techniques work on
photons with large bandwidths. Generation of narrow-
band photons is especially desirable partly due to higher
spectral brightnes and purity, but more importantly, they
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can couple efficiently with atomic transitions, artificial
atoms and cavities [30, 31]. Controlling temporal modes
of narrow-band photons, however, is quite challenging
since they are generated inside cavities which limit any
manipulation that can be done in the time-frequency do-
main. This has only been possible with bulk optics (see
for example Ref. [32, 33]) but these approaches present
issues with scalability.

Here we report an efficient chip-scale approach to
flexibly control the spectro-temporal properties of a bi-
photon state with sub-GHz bandwidth within the source
in a high-quality microresonator, via independent en-
gineering of the densities of states of the interacting
modes. We demonstrate generation of bi-photon states
with asymmetric temporal wavefunctions generated by
selectively modifying only one of the two signal and idler
densities of states. These wavefunctions reveal starkly
different behavior in the second order cross-correlation
function g

(2)
si (τ) (s = signal, i = idler) before and after

the triggering off one of the photons with sharp cusps
forming at the triggering instant.

We realize this process using an on-chip ultra-high-Q
silicon microdisk resonator. The third-order nonlinear
susceptibility of silicon allows SFWM in three adjacent
cavity resonances, which are dispersion engineered to be
equally spaced in frequency. Due to the rotational sym-
metry of the device, each cavity resonance exhibits two
degenerate cavity modes in which the light propagates
clockwise and counter-clockwise, respectively. We utilize
Rayleigh back-scattering [34] to introduce coupling be-
tween these two counter-propagating modes, which lifts
their degeneracy and re-normalizes them into dressed
states. Selectively engineering the coupling strength of
Rayleigh scattering enables individual control of the den-
sity of states of signal and idler photons by controlling
the frequency splitting of the dressed modes. To show
this capability, we investigate two resonators labelled as
A and B. Resonator A has such coupling in one out of the
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FIG. 1. Illustration of the device physics and photon pair creation pathways in a silicon whispering-gallery mode (WGM)
microdisk resonator labeled as resonator A. (a) A pump laser propagating in a waveguide in the forward direction labelled as
bpf is coupled into the resonator by bringing it into the resonator’s near field. The circulating pump inside the cavity generates
photon pairs into the signal mode (blue) and idler mode (red) with spontaneous four wave mixing (SFWM). All propagating
fields inside the resonator and their corresponding resonance frequencies are labeled as ajk and ωj where j = p (pump), s
(signal), i (idler) and k = f (forward/clockwise), b (backward/counter-clockwise). The idler mode has Rayleigh scattering-
induced coupling of the forward and backward propagating modes with a coupling rate βAi. The photons are coupled out
with the same waveguide both in the forward and backward direction labelled as JK. (b) Energy level diagram for SFWM. (c)
Spectral profile of a resonator without any coupling mechanism. All the three modes participating in SFWM are engineered
to be equally spaced in frequency and have a lorentzian lineshape. (d) Spectral profile for resonator A. Due to the coupling,
the idler mode forms dressed states and the resonance takes a ’doublet’ lineshape while the pump and signal remain the
same. (e) Experimental setup for the characterization of the bi-photon state. The photons are separated with telecom band
demultiplexers and then the path selection is done with optical switches. The photons can be detected in four configurations
SFIF, SFIB, SBIF, SBIB. DEMUX: Demultiplexer. SNSPDs: Superconducting nanowire single-photon detectors. TCSPC:
Time-correlated single-photon counter. ts and ti: Signal and idler arrival times.

three cavity modes taking part in the interaction creat-
ing an asymmetry in the spectral domain. This leads to
an asymmetric temporal profile of the bi-photon state.
Resonator B has identical mode splitting in both the
signal and idler modes, thus maintaining the symmetry.
These two devices exhibit remarkably distinctive coher-
ence properties of the emitted light, and we observe os-
cillatory revivals in the second order quantum coherence

function of the individual photon channels g
(2)
jj (τ) (j = s,

i) when the symmetry is maintained.

II. RESULTS

A. Device Physics

The resonators in question are etched from a silicon
on insulator wafer with a radius of 4.5 um and a thick-
ness of 260 nm. Figure 1(a) illustrates the device physics
for resonator A. It has three adjacent modes, equally
spaced in frequency. Light is coupled into the central

mode in the forward direction (labeled as b̂pf ). The
propagating modes inside the cavity are labelled as âjk
where j = p (pump), s (signal), i (idler) and k = f (for-
ward/clockwise), b (backward/counter-clockwise). Ordi-
narily, in the absence of any coupling mechanism, pho-
tons are generated in the same direction as the travelling
pump mode with a combination of frequencies that con-
serve energy (Fig. 1(b)) and there is only one photon
creation pathway as show in Fig, 1(c). In the presence of
Rayleigh scattering, the light inside the resonator splits
into the two counter-propagating modes âjf and âjb.
Figure 1(d) shows the asymmetric cavity mode struc-
ture of resonator A and the photon creation pathways.
The quasi-TM modes of this device have average intrin-
sic quality factors of 1.3 million with center wavelengths
1527.1 nm, 1545.4 nm and 1564.1 nm for the signal, pump
and idler mode respectively (see Appendix A for device
characterization details). The idler mode has a split-
ting βAi/π = 2.52 GHz and a loaded linewidth ΓAi/2π
= 595 MHz putting it in the strong coupling regime with
a linewidth to splitting ratio βAi/ΓAi = 2.12. The signal
mode has a small coupling creating a splitting βAs/π =
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FIG. 2. Generation of asymmetric temporal waveforms of the bi-photons verified by measuring signal-idler coincidences plotted
for all four detection configurations. The plots are normalized to the peak of the coincidence envelope in (e). (a) Signal forward
- idler forward (SFIF). (b) Signal forward - idler backward (SFIB). (c) Signal backward - idler forward (SBIF). (d) Signal
backward - idler backward (SBIB). (e) The four detection configurations add to give an exponential decaying envelop of the
cross-correlation.

150 MHz with a loaded linewidth ΓAs/2π = 269 MHz
which puts it in the weak coupling regime with βAs/ΓAs
= 0.28. The signal splitting is not visible when the de-
vice is decently coupled to an external waveguide (a ta-
pered optical fiber in this case) and thus behaves like
a singlet resonance. Appendix A gives more details on
the signal resonance characterization. The pump mode
has no measurable splitting. Since the idler mode has
forward-backward coupling, it will create a standing wave
while the signal photon will dominantly remain a trav-
elling wave mode in the same direction as it is created.
Therefore this device has two pairs of coupled modes be-
ing excited. One pair is strongly coupled while the other
is weakly coupled with an order of magnitude difference
in coupling to linewidth ratio. These modes are popu-
lated with two entangled photons creating one excitation
for each mode pair while entangling the two pairs to-
gether. Since the mode coupling of the idler exceeds the
loaded cavity linewidth, energy conservation forces idler
photons to be generated in only one of the two dressed
states. This is further investigated in section II B. Fig-
ure 1(e) depicts the experimental setup to characterize
the bi-photon state. The photons are coupled out into
the tapered fiber and separated with telecom band multi-
plexers. Then the path is selected using optical switches.
The photons are captured by a pair of superconducting
nanowire single photon detectors (SNSPD) connected to
a coincidence counter. The detection system’s total tim-
ing jitter is approximately 45 ps; far shorter than the
temporal features of interest. Therefore the bi-photon
coherence can be resolved.

B. Bi-photon Coherence Properties

Figure 2 plots the signal-idler coincidence counts which
are equivalent to the second order cross-correlation func-

tion g
(2)
si (τ) up to a constant factor and τ = ts − ti is

the difference in arrival time of the two photons. The
plots are labeled with their corresponding detection con-
figuration IJ (I, J = F, B). The measurements are made
with the laser tuned to the center of the pump mode.
At the outset, it is clear that the asymmetry in the fre-
quency domain has translated into the time domain. The
plots show exponential decay of the correlation associated
with a Lorentzian lineshape, a signature of weak cou-
pling, which abruptly switches to coherent oscillations
at τ = 0, a signature of strong coupling. The exponen-
tial decay envelope corresponds to the linewidth of idler
resonance for τ < 0 and signal for τ > 0 while the os-
cillation frequency matches with the mode splitting 2βAi
(see Ref. [16] for a complete theoretical treatment). The
physics behind these oscillations is similar to that of Rabi
oscillations of a driven two level system. The fermionic
two-level system is driven between two energy states and
the probability of occupancy of the exited state by an
electron is oscillatory in time. In this case, the system
oscilates in momentum rather than energy and the prob-
ability of the idler photon to occupy one of the two paths
IF and IB, conditioned on the triggering off of the sig-
nal photon when τ < 0, is oscillatory. For coincidences
at τ > 0, the idler photon is detected first, and since
the scattering rate of the signal is negligibly small, it has
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FIG. 3. Comparison of frequency matching and single channel coherence properties for Resonators A and B. Frequency
separation between adjacent modes is measured to calculate energy mismatch parameters defined in Eqs. (1) to (4) for (a)

resonator A and (b) resonator B. Second order self-correlation function g
(2)
ii (τ) for the forward propagating idler (IF) channel

for (c) resonator A and (d) resonator B.

a high probability to exit the cavity in the forward di-
rection and there are no oscillations in this part of the
coherence function.

Figure 2(b) plots the signal forward - idler backward
configuration where the oscillatory features are com-
plimentary to Fig. 2(a) creating time-evolving path-
encoded states of the two photons [16]. The coincidence
flux in the remaining two configurations (Fig. 2(c), (d))
is considerably low compared to the configurations where
the signal is detected in the forward direction indicating
that most of the bi-photons are generated in the forward
direction as expected. Ideally, the configurations where
the signal is detected in the backward direction should
not have any coincidences. The counts in these config-
urations occur because the signal is not a true singlet
and does have a weak forward-backward coupling creat-
ing a small probability of its photons scattering back-
wards within the cavity lifetime. Figure 2(e) plots the
sum of the coincidence traces of the four detection config-
urations giving the exponential decay envelope expected
from a travelling wave resonator.

The modification to the spectrum of the generated
light leaves its signature on the coherence properties of in-
dividual photon channels as well. Spontaneous paramet-
ric processes such as SPDC and SFWM generate photons
with thermal statistics [35], as the second order coherence

of the generated fields shows bunching with g
(2)
jj (τ) (j =

s, i) monotonically decaying to 1. It is known that light
generated within coherently coupled optical modes can
generate oscillatory revivals in the second order coher-
ence (for example see [36]). The strong coupling between
counter-propagating optical modes in this system offers
such a mechanism. The measurement is made with the
forward propagating idler mode split with a 50:50 cou-

TABLE I. Measured values of energy mismatch parameters
defined in Eqs. (1) to (4)

∆A1 (GHz) ∆A2 (GHz) ∆B1 (GHz) ∆B2 (GHz)
-0.42 2.1 0.08 0.08

pler and measured with the same detection setup as Fig.
1(e). The results are plotted in Fig. 3(c). The data shows
thermal statistics as expected, however there are no new
features. It must be noted that the coherence function
is dependent on the spectral profile of the mode, which
in turn depends on the laser detuning and the energy
matching bandwidth. In order to investigate this further,
we consider resonator B. This device has a loaded cavity
linewidth of 174 MHz for the signal and 251 MHz for the
idler mode and a coupling rate βB/π = 1 GHz for both
the modes (see Appendix A for details). When pumped
near the zero detuning point, the energy mismatch for
each photon pair combination needs to be measured. We
define two parameters for each device

∆A1 = (ωAs − ωAp)− (ωAp − ωAi−) (1)

∆A2 = (ωAs − ωAp)− (ωAp − ωAi+) (2)

∆B1 = (ωBs+ − ωBp)− (ωBp − ωBi−) (3)

∆B2 = (ωBs− − ωBp)− (ωBp − ωBi+) (4)

where the subscripts + and - indicate higher and lower
energy dressed states respectively. This measurement
is made by scanning a tunable laser through the cav-
ity, identifying the mode locations while simultaneously
passing the same light through a fixed unbalanced Mach-
Zehnder interferometer with a known free spectral range.
By counting the interference fringes, we have measured
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the parameters in Eqs. (1) to (4). The results are shown
in Table I. It is clear that the idler channel of only res-
onator B has a doublet lineshape since resonator A has
an energy mismatch of 2.1 GHz for the dressed mode
ωAi+, far exceeding the cavity linewidth. Therefore this
mode will not be populated. In contrast, the energy mis-
match parameters for resonator B are at 80 MHz, well
within the linewidth of the resonances. We measure the
second-order self-correlation of the forward propagating
idler channel for resonator B. The results are shown in
Fig. 3(d). Here we observe oscillatory revivals of coher-
ence with a period just below 1 ns, matching with the
mode splitting for resonator B, while the same measure-
ment for resonator A revealed no such oscillations. We
can theoretically investigate this behavior of the coher-
ence function, without solving the complete system, by
considering the spectrum of the idler photons of the two
resonators. It is known that for a chaotic light source
such as this, the second order coherence function can
be obtained from its corresponding first order coherence
function as

g(2)(τ) = 1 + |g(1)(τ)|2 (5)

g(1)(τ) = FT −1[|S(ω)|2] (6)

where S(ω) is the spectrum of the light and FT −1 rep-
resents an inverse Fourier transform. Without any loss
of generality, we can define the spectrum for a doublet
resonance as

S(ω) =
1

γt/2− iω
⊗ [δ(ω − β) + δ(ω + β)] (7)

where the modulus square of 1
γt/2−iω is a lorentzian with

a linewidth γt. β is the mode coupling rate and ⊗ rep-
resents a convolution operation. The calculated results
are plotted as black solid lines in Fig. 3(c) and (d). The
actual spectral profile of the idler mode is dependent on
the signal mode as well as the pump and the dispersion.
However as long as the centers of both resonances and
their linewidths are well matched, this model should give
a good approximation. Indeed, we see good agreement
between theoretical and experimental results. It is im-
portant to note that although the idler mode has a co-
herent forward-backward coupling in both the resonators,
the oscillations in the case of resonator A are suppressed
due to the effect of the signal mode on the idler since en-
ergy conservation limits the spectrum of the idler to only
one of the two dressed modes and it effectively behaves
like a singlet resonance. We also note that the difference
of the pump mode between the two resonators is not the
reason for this behavior. The pump mode being a doublet
allows the photons to be generated in both directions in
resonator B changing only the initial state of the photons
compared to resonator A, where the photons are gener-
ated only in the forward direction. Since both resonators’
idler modes have a coherent forward-backward coupling,

both will have counter-propagating idler photons inside
them.

III. CONCLUSION

This work demonstrates generation of bi-photon states
with asymmetric entanglement profiles using cavity en-
hanced SFWM by selectively modifying the density
of states of the cavity modes involved in the inter-
action. This behavior simultaneously manifests signa-
tures of strong and weak coupling occurring through
Rayleigh back-scattering between counter propagating
cavity modes. Although, we rely on nano-scale roughness
of the resonators (present due to fabrication imperfec-
tions) to induce this coupling, the coupling strength can
be precisely controlled and made highly selective of the
resonator modes [37]. This is done by modulating the ra-
dius of the resonator along its outer rim. The modulation
period is chosen as to match the azimuthal field profile of
the mode that needs to be split and the modulation depth
controls the strength of the splitting. Together with con-
trol over external coupling rates and pump detuning, this
gives control over the spectral and temporal profile of the
bi-photon state. This system can also be used to engi-
neer single photon wavepackets by heralding one photon
conditioned on a trigger off of the other. The heralded
photon will fall into a pure state if the triggering reso-
lution is much finer than the bi-photon coherence time
[38], a condition met by our detection system. Given the
narrow-band nature of these photons and the ability to
control their temporal modes, they can be useful in cou-
pling to atoms and cavities, connecting different nodes
of a quantum network [39]. We envision that such linear
modifications to nonlinear interactions will lead to gen-
eration of quantum states of light with exotic coherence
properties and benefit applications in time-frequency do-
main quantum information and computing by engineer-
ing entanglement [40] of bi-photon states.
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Appendix A: Device Characterization

Figure A.1 shows characterization details for resonator
A. The cavity transmission is plotted in Fig. A.1(a).
Figure A.1(c)-(e) show transmission spectra around the
three resonances taking part in SFWM. An SEM im-
age of the resonator is shown in Fig. A.1(b). The sig-
nal (S) resonance’s small mode splitting becomes visible
when weakly coupled to the tapered fiber as shown by its
transmission at two coupling rates in Fig. A.2. Figure
A.3 shows the same characterization for resonator B.
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FIG. A.1. (a) Transmission spectrum of resonator A. The signal, pump and idler resonances are identified by dashed boxes
and labels S, P and I respectively. (b) SEM image of the device. (c)-(e) Expanded traces of the marked resonances with the fit
in magenta. The mean intrinsic quality factors of the two dressed modes and the external quality factors are calculated to be:
(c) 1.47 × 106 and 1.46 × 106. (d) 1.03 × 106 and 1.04 × 106. (e) 1.34 × 106 and 4.2 × 105.
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FIG. A.2. (a) Comparison of the signal resonance at different coupling conditions. The external coupling quality factors are:
(a) 2 × 107 and (b) 1.46 × 106. The 150 MHz (1.16 pm) mode splitting is revealed at a lower external coupling rate in (a)
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FIG. A.3. (a) Transmission signal of resonator B. The Signal, pump and idler resonances are identified by dashed boxes and
labels S, P and I respectively. (b)-(d) Expanded traces of the marked resonances with the fit in magenta. The mean intrinsic
quality factors of the two dressed modes and the external quality factors are calculated to be: (b) 1.41× 106 and 5.6× 106. (c)
1.27 × 106 and 3.79 × 106. (d) 1.16 × 106 and 2.24 × 106.



7

[1] A. Steane, Quantum computing, Reports on Progress in
Physics 61, 117 (1998).

[2] N. Gisinand R. Thew, Quantum communication, Nature
photonics 1, 165 (2007).

[3] I. M. Georgescu, S. Ashhab, and F. Nori, Quantum sim-
ulation, Reviews of Modern Physics 86, 153 (2014).

[4] N. Gisin, G. Ribordy, W. Tittel, and H. Zbinden, Quan-
tum cryptography, Reviews of modern physics 74, 145
(2002).

[5] P. W. Shorand J. Preskill, Simple proof of security of the
bb84 quantum key distribution protocol, Physical review
letters 85, 441 (2000).

[6] V. Giovannetti, S. Lloyd, and L. Maccone, Quantum
metrology, Physical review letters 96, 010401 (2006).

[7] V. Giovannetti, S. Lloyd, and L. Maccone, Quantum-
enhanced measurements: beating the standard quantum
limit, Science 306, 1330 (2004).

[8] J. L. O’brien, A. Furusawa, and J. Vučković, Photonic
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