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We demonstrate a 1550 nm correlated photon-pair source in an integrated glass platform—a

chalcogenide As2S3 waveguide. A measured pair coincidence rate of 80 s−1 was achieved using 57

mW of continuous-wave pump. The coincidence to accidental ratio was shown to be limited by

spontaneous Raman scattering effects that are expected to be mitigated by using a pulsed pump

source. © 2011 American Institute of Physics. fdoi:10.1063/1.3549744g

The key to emerging quantum photonic technologies

such as quantum communication
1
and quantum computation

2

is the availability of bright and low-noise integrated photon-

pair sources in the 1550 nm wavelength band. The genera-

tion of 1550 nm correlated photon pairs from photonic-chip

platforms, based on parametric downconversion in periodi-

cally poled lithium niobate sPPLNd waveguides
3
and sponta-

neous four-wave mixing sSFWMd in silicon nanowires,
4–6

has been widely studied. The PPLN platform requires an

external temperature control unit to achieve phase matching

and thus is incompatible with integration. The silicon plat-

form is promising because of its mature fabrication technol-

ogy; however, the two-photon absorption sTPAd induced

long lifetime free carriers in silicon result in free-carrier ab-

sorption sFCAd, which may degrade the source quality.
4

Thus, there remains a need for 1550 nm correlated photon-

pair generation from a platform that supports integration and

has no free carriers.

Recent work suggests that the chalcogenide As2S3 plat-

form has several potential advantages for integrated 1550 nm

correlated photon-pair sources.
7
First, As2S3 glass exhibits

high third-order nonlinearity scomparable to Sid
8
and four-

wave mixing experiments in low-loss As2S3 waveguides

have demonstrated high parametric gain.
9
Second, this glass

has negligible TPA, making it immune to FCA.
8
Further-

more, As2S3 glass has a low Raman-gain window, which

provides a potential means to reduce spontaneous Raman

scattering sSpRSd induced noise.
7
Finally, the glass has the

potential to be made into more complex photonic circuits

consisting of wavelength division devices and two-

dimensional/three-dimensional structures. In this letter, we

report the observation of 1550 nm correlated photon-pair

generation by SFWM in an integrated chalcogenide As2S3

waveguide using a cw pump. By characterizing the depen-

dency of pair coincidence rate on pump power, we show that

the measured net pair coincidence rate of 80 s−1 is compa-

rable with that reported in silicon.
4,5

The coincidence to ac-

cidental ratio sCARd, defined as the ratio between the net

coincidence rate and the accidental rate, was found to be

limited by SpRS, but we expect improvement by using a

pulsed pump source so that the pair production is time gated.

Figure 1 shows the experimental setup. The waveguide

is 7.1 cm long. Both facets of the waveguide were infrared

antireflection coated to improve coupling and reduce the

Fabry–Pérot resonances. Lensed fibers with a mode field di-

ameter of 2.5 mm were used to couple to the waveguide. At

1550 nm the total insertion losses, including propagation and

coupling losses, for the fundamental TE and TM modes

were measured to be 14.2 and 18.6 dB, respectively. The

propagation losses of the TE and TM modes were estimated

ad
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FIG. 1. sColor onlined Experimental setup. ECLD: external-cavity laser di-

ode; EDFA: erbium-doped fiber amplifier. A bandpass filter sBPFd with a full

width at half maximum sFWHMd of 1 nm, a circulator, and a fiber Bragg

grating sFBGd sreflection FWHM of 0.5 nmd were employed to reduce noise

from the ECLD and EDFA. PC: polarization controller; AWG: arrayed

waveguide grating. The inset shows the cross section of the As2S3 wave-

guide. IPG: inorganic polymer glass; SMF: single-mode fiber.
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to be 0.7 and 1.3 dB cm−1. The dispersion at 1550 nm for

the TE and TM modes was estimated by a commercial

finite-element package sRSOFT FEMSIMd to be 2239 and

22 ps nm−1 km−1, respectively. The nonlinear coefficient

was estimated as g=14 W−1 m−1 based on the nonlinear re-

fractive index n2=3310−18 m2 W−1 and an effective mode

area of 0.86 mm2.

With these parameters and an in-waveguide power of

approximately 60 mW ssee Fig. 2d, we expect the generation
of correlated photon pairs by SFWM spaced equally in fre-

quency about the pump. We refer to the higher slowerd fre-
quency photon as the signal sidlerd. The output light from the

As2S3 chip was fed into an AWG, which separated pump and

pair photons. The AWG had 40 channels with frequency

spacing of 100 GHz and channel FWHM of 50 GHz. A tun-

able BPF with a FWHM of 0.5 nm was inserted into each of

the expected pair-photon channels to further reduce the out-

of-band noise. The losses of the AWG and BPF were mea-

sured to be 6.51 and 6.75 dB for the two pair-photon

channels. After one of the pair photons was optically de-

layed, they were detected by two fiber-coupled supercon-

ducting single-photon detectors sSSPDsd based on NbTiN

nanowires.
10,11

The measured detection efficiencies sat 1550
nm wavelength and 1000 s−1 dark count rated were 18% for

detector-0 and 8% for detector-1. The output signals from

SSPDs were used as start and stop pulses for a time interval

analyzer sTIAd.
To produce pairs, we fixed the pump wavelength at

1549.315 nm, corresponding to the center of one AWG chan-

nel. We controlled the signal frequency shift n from the

pump channel using the AWG and BPF with a maximum

detuning of n=61.4 THz. All of our experiments used TE

polarized pump light as this mode had the lowest propaga-

tion loss and provided a SFWM bandwidth that covered the

whole of the AWG frequency range. Figure 2 shows a typical

time-bin histogram for coincidence measurements when the

waveguide-coupled power was P0=57 mW sassuming equal
division of the coupling losses between input and outputd and
n=1.4 THz. The time bin was 16 ps and the data collection

time was 300 s. The sharp peak, located at a delay of 11.1 ns

corresponding to the 2 m SMF delay line, clearly indicates

the generation of correlated photon pairs. The noise floor is

due to the accidental events recorded by the TIA and the

FWHM of the peak was approximately 200 ps. The idler and

signal counting rates at the two detectors were N0=3.45

3106 s−1 and N1=1.343106 s−1. We analyze the data in

terms of the following equations:
7,12,13

r = DnsgP0Leffd
2 sinc2fb2s2pnd2L/2 + gP0Lg ,

C = sha
2h2h0h1r ,

N0 = shh0shar + rn0d + d0,

N1 = shh1shar + rn1d + d1,

A = N0N1t, scwd

CAR = C/A , s1d

where r is the rate of photon-pair generation by SFWM, Dn
is the bandwidth of the pair-photon channel, L is the wave-

guide length and Leff= f1−exps−aLdg /a is the effective

waveguide length accounting for the propagation loss a, b2

=3.048310−25 s2 m−1 is the second-order dispersion param-

eter, C is the net coincidence rate, ha is a parameter taking

into account the pair-photon loss in the waveguide and can

be determined by comparing the measured coincidence rate

C and the calculated photon-pair generation rate r, h is the

waveguide output coupling efficiency, h0=0.04 and h1

=0.017 are the photon collection efficiencies, including the

AWG, the BPF transmission efficiency, and the SSPD quan-

tum efficiency, rni si=0 ,1d is the rate of noise-photon gen-

eration, d0=d1=1000 s−1 are the rates of SSPD dark count,

A is the accidental rate in the time window of t for the coin-

cidence measurement si.e., the FWHM of the coincidence

peakd, and s=tB st is pulse width and B is a pulse repetition

rated, is a duty cycle parameter which for cw operation is 1.

Finally, CAR is the coincidence to accidental ratio intro-

duced earlier.

Equations s1d indicate that the net pair coincidence rate
should depend quadratically on the coupled pump power.

To confirm this we investigated this dependency for n
=1.4 THz by varying the pump power and keeping all other

conditions unchanged. At each point we obtained a time-bin

histogram and extracted the net coincidence rate by subtract-

ing the accidental rate from the coincidence peak. The data

presented in the inset sad of Fig. 2 confirm the expected

quadratic dependency.

Pair brightness and correlation are the two standard mea-

surements of the quality of a photon-pair source. The maxi-

mum measured pair coincidence rate was about 80 s−1. This

is comparable with that reported in silicon
4,5

and could be

further improved with enhanced waveguide coupling enabled

by inverse taper coupling sections.
4–6

The pair correlation is

experimentally characterized by the CAR. The inset sbd of
Fig. 2 shows the dependency of CAR on pump power. As

can be seen, the CAR is low and relatively constant in the

operating power range due to the high level of noise. The

possible noise sources are the residual pump photons, pho-

tons generated in the silica-fiber connecting components, and

SpRS in the chalcogenide waveguide itself. The first two

possibilities were easily eliminated through tests by using

one additional pump rejection FBG and removing the chal-

cogenide waveguide from the setup. To determine if SpRS in

the waveguide itself was the dominant noise, we measured

the single count rates as a function of pump power at n
=1.4 THz. Figure 3 shows the measured and predicted

single count rates due to SFWM ssolid linesd and SpRS sdot-
ted linesd at different pump powers.

7
It is clear that most of

the single count rate is attributable to SpRS. The count rate
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FIG. 2. sColor onlined A typical time-bin histogram for coincidence mea-

surements. The insets show sad the measured net coincidence rate and sbd

CAR as a function of coupled pump power. Circles are the measured data.

The Poisson error bars are used. In sad, the solid line is a quadratic fit

following Eqs. s1d; in sbd, the solid line is calculated from Eqs. s1d.
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difference between signal and idler channels was due to the

different quantum efficiencies of the two detectors and was

confirmed by repeating the measurement with the detector

positions swapped. It is important to note that the SpRS con-

tribution to the single count rates is almost the same for both

the signal and idler channels, a phenomenon expected when

the frequency detuning n is small.
12
We also investigated the

dependency of CAR on the frequency detuning n. We found

that the CAR was relatively constant over the range of 0.6–

1.4 THz. Below n=0.6 THz, the CAR dropped quickly as

the impact of residual pump photons transmitted by the

AWG and BPF becomes significant close to the pump wave-

length.

Figure 3 indicates that the noise performance of our

source was principally limited by the generation of SpRS

noise, a phenomenon expected in glass platforms with a cw

pump.
13
In the future, the use of a pulsed pump laser will

provide time-gated pair production and immediately improve

the CAR. This can be understood by considering Eqs. s1d in
a pulsed pump regime, in which the time window for pair

and Raman noise generation is t! t, so A= fthh0shar+rn0d

+d0tgfthh1shar+rn1d+d1tgB. Observe that the CAR is inde-

pendent on B, and CARpulse /CARcw= t /t if we can neglect

the dark count, which is the case for the superconducting

detectors. To illustrate this, we plot the predicted CAR as a

function of average number of generated pairs per pulse in

Fig. 4 ssolid lined. The calculation is based on Eqs. s1d and
all parameters used in our experiment, with t=5 ps. It can be
seen that the CAR will be 3 at an average pair generation rate

of 0.001 per pulse sat 0.31 W of peak powerd. Our previous
theoretical analysis has shown that the As2S3 glass has a low

Raman-gain window at a shift of approximately n
=7.4 THz for which the CAR is predicted to be much

improved.
7
This experiment, however, did not operate in this

regime due to the limited SFWM bandwidth of our existing

waveguide device. In future experiments, we plan to lower

the dispersion of the waveguide at 1550 nm by modifying its

cross-section size to extend the SFWM bandwidth so that we

can produce photons in the 7.4 THz low Raman noise

window.
7
The dotted line in Fig. 4 predicts the CAR in such

a dispersion engineered waveguide. The CAR is expected to

be 33 at a level of 0.001 generated pairs per pulse. Chalco-

genide waveguides are particularly attractive in the pulsed

regime as the lack of FCA removes a limit on the peak pump

power which is then determined only by the requirement to

keep double pair production at an acceptable level swith this

requirement, the peak power is far below the damage thresh-

old of the waveguide
8
d.

In conclusion, we have demonstrated correlated photon-

pair generation in the 1550 nm wavelength band from an

integrated chalcogenide As2S3 glass waveguide. The mea-

sured pair coincidence rate of 80 s−1 is comparable with

results in silicon waveguides. The CAR was limited by the

SpRS noise in the cw pump scheme. Using a pulsed pump

can immediately enhance the CAR to 3 at an average pair

generation rate of 0.001 per pulse. Superior waveguide de-

sign including dispersion engineering and inverse taper cou-

pling should provide additional improvement. Combined

with its suitability for compact nonlinear processing

components,
8,9

we believe that this work opens the way for

As2S3 and related nonlinear glasses to play a significant role

in quantum information processing.
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FIG. 3. sColor onlined Single count rate as a function of coupled pump

power. Circles and squares show the measured idler and signal count rates.

Lines show the predicted count rates for idler sredd and signal sblued from

pure SpRS sdottedd and pure SFWM ssolidd, respectively, using Eqs. s1d and

SpRS equations in Ref. 7.
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