FTh1C.1.pdf CLEO:2016 © OSA 2016
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Abstract: We develop an on-chip telecom-band single-photon source with Klyshko efficien-
cies up to 48%, the highest value for cavity-enhanced photon sources. For the first time, we
relate Klyshko efficiency to high-order correlations and verify this relation experimentally.
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Heralded single-photon sources are mainly based upon spontaneous parametric down conversion (SPDC) or sponta-
neous four-wave mixing (SFWM) in nonlinear bulk crystals, optical fibers, on-chip waveguides, or microcavities [1].
Heralding efficiency is an important parameter for applications including quantum teleportation [2] and quantum com-
puting [3]. For photon sources based on bulk crystals, the raw heralding efficiency, i.e., the Klyshko efficiency [4], has
been pushed above 82.8% at a wavelength of 810 nm [5], and 60% at a telecom wavelength [6]. Recently, microcavity-
based photon sources have attracted significant interest due to their small footprints, below-milliwatt pump powers,
and narrow photon spectra. However, the Klyshko efficiencies of the microcavity-based photon sources are typical-
ly limited below 10%. Moreover, no quantitative experiments have been conducted to study the heralding efficiency
systematically in the photon sources with cavity enhancement.

High-Q silicon microresonator is a great photon-pair source with high spectral brightness, large coincidence to
accidental ratios (CARs), and single-mode properties [7-9]. In this paper, we herald single photons out of the photon
pairs generated by spontaneous four-wave mixing in a high-Q silicon microresonator. We investigate the heralding
efficiency and demonstrate a Klyshko efficiency of 48%, the highest value for cavity-enhanced photon sources. Further,
we find the relation between the Klyshko efficiency and high-order correlations for the first time.

Our tapered-fiber coupled photon source has the advantage of directly coupling photons from device into the single-
mode fiber (Fig. 1(a)). To characterize the performance of photon sources, preparation efficiency [10] is defined as
the heralding efficiency in the single-mode fiber, excluding the effects of optical components and detector efficiency.
The preparation efficiency is determined by two factors, the photon coupling efficiency and the tapered-fiber efficiency.
First, the photon lost inside the cavity can not be coupled out. This photon coupling efficiency 7. is related to the cavity
transmissions as 1. = (1 4 +/T.)/2, where T, stands for the transmissivity at the center wavelength of the cavity mode,
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Fig. 1. (a) Schematic illustration of the silicon microresonator photon source based on spontaneous four-
wave mixing, with the inset showing the energy diagram. The fiber-device distance can be tuned to change
the photon coupling rate. (b) Theoretical predictions of Nk for over-coupled (red) and under-coupled (blue)
conditions. Experimental data points are from various fiber-taper coupling conditions with transmission traces
shown in (b). (c) The normalized cavity transmission traces with theoretical fitting in black. T, represents the
transmissivity at the center wavelength of the cavity resonance. 7. stands for the photon coupling efficiency.
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Fig. 2. (a) Scheme of the three-detector setup. (b) Coincidence counts of self correlation, background of self
correlation, and triple coincidence shown in blue, grey, and red, respectively. (c) Ratio of triple-coincidence and
self-correlation counts.

and the plus/minus signs correspond to the over-/under-coupled conditions, respectively (Fig. 1(c)). The red curve in
Fig. 1(c) shows that the photon coupling efficiency is 97.8%, which means the photon loss inside the cavity is less
than 3%. Second, the photons coupled out from the cavity can be lost in the tapered fiber. The loss of the tapered
fiber before the cavity does not affect the heralding efficiency, because the photons are generated inside the cavity.
Thus the efficiency related to tapered fiber is 1y = /Ty, where Ty is the fiber taper transmittance. The fiber taper
used in the experiment has a transmittance of 83.0%, which corresponds to a 1 of 91.1%. The theoretical predictions
of Klyshko/preparation efficiencies, 1p = 11y, are plotted in Fig. 1(b). The experimental data points are 79%, 77%,
48%, and 12%, which largely agree with our theoretical predictions. Fig. 1(c) shows the normalized transmission traces
of experimental data in Fig. 1(b), with colors labeling respective data points. The over-coupled condition in red leads
to a preparation efficiency of 79% and a Klyshko efficiency of 48%, among the highest values for telecom-band photon
sources. The preparation efficiency (1p) is related to the Klyshko efficiency (1k) by np/nk = 60% in this experiment,
which takes into account the detection efficiency (78%) and the transmittance in optical components (77.3%).

We characterize the heralded single photons in a three-detector setup (Fig. 2(a)), which can measure triple-
coincidence counts (Njgs,) and self-correlation counts (Njs,) at the same time. We find that Klyshko efficiency can
be verified by the ratio of these counts (g = Nig,s, /Nss,) as 1 —nr = (1 — Nk )%, because the only cases that no idler
photons are heralded in triple coincidence are those in which both signal photons fail to herald the idler photons. To
verify this relation, we compare the triple-coincidence and self-correlation counts in Fig. 2(b). The ratio of triple coin-
cidence counts to self correlation counts (1r) is plotted in Fig. 2(c), which is a constant of 72% regarding signal delay
time. The Klyshko efficiency is thus calculated to be 47%, which is very close to the experimental value of 46% (the
green dot in Fig. 1(b)). This is the first time that high-order correlations are used to verify Klyshko efficiency.

In sum, we develop a telecom-band heralded single-photon source in a high-Q silicon microresonator. We investigate
its Klyshko/preparation efficiency and demonstrate a Klyshko efficiency of 48%, the highest value for cavity-enhanced
photon sources. We also demonstrate a method to verify Klyshko efficiency by high-order correlations.
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