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Spontaneous parametric down-conversion (SPDC) spectroscopy using photon pairs
is a promising avenue towards affordable mid-infrared (MIR) spectroscopy. Here, we
experimentally investigate the feasibility of using periodically poled waveguides in
lithium niobate for SPDC spectroscopy applications. We find the waveguides suit-
able to generate wavelength non-degenerate photon pairs with one photon in the
MIR spectral range with high fluence. We use this to determine the cutoff wave-
lengths of the waveguide mode in the MIR by performing only measurements in
the near-infrared spectral range. © 2018 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5009766

Spectroscopy in the mid-infrared (MIR) spectral region is of great interest due to a variety of appli-
cations in biology, medicine, and chemistry.! The conventional direct approach to MIR spectroscopy
requires light sources and detection detectors in that spectral range. Although quantum-cascade lasers
as sources have become available in the last years, detectors suffer from low detection efficiency and
strong noise due to black-body radiation and often have to be cooled to cryogenic temperatures.
Nonlinear optics and light up-conversion can move at least the detection part of MIR spectroscopy
into the much more accessible visible or near-infrared (NIR) spectral range.>> However, due to their
nonlinear nature, these techniques require high peak intensities and typically use multiple tunable
pulsed lasers.

An alternative approach is spontaneous parametric down-conversion (SPDC) spectroscopy.*>
During the process of SPDC, short-wavelength pump photons are split into pairs of long-wavelength
signal and idler photons, which can be generated in different wavelength ranges. The efficiency of
this process depends on the material properties at all involved wavelengths. Hence, by analyzing only
one of the photons, which can be detected classically, information about the properties of the system
in the spectral range of the other photon can be extracted. This makes SPDC spectroscopy a powerful
tool, especially for MIR measurements. The signal photon can be read out in the visible or NIR range,
where the detection is simple and affordable, while the idler photon can probe the optical properties
in the MIR range, which using conventional spectroscopic approaches would require expensive and
bulky solutions. Furthermore, in contrast to other nonlinear spectroscopic approaches, only a single
continuous-wave visible laser is required to generate sufficient photon numbers, allowing to perform
measurements.

SPDC spectroscopy is based on the frequency correlations introduced by the down-conversion
process, and therefore it can work in both the low gain regime, where the generated photon pairs do
not act as seeds for more photon pairs, and the high gain regime, where this condition is violated.
Traditionally, SPDC spectroscopy has been primarily used with low gain, although recently there has
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been growing interest in developing high gain schemes.® SPDC spectroscopy has been utilized to
measure the broadband refractive index dispersion’-® and the domain structure®'? of solids, as well
as to precisely determine the optical properties of gases.!! Recent progress allowed replacing the
spectrometer with a camera and an interferometric scheme.'?> SPDC spectroscopy can also be useful
in the THz frequency range.'>!*

To date, all implementations of SPDC spectroscopy have utilized bulk optics, which suffers
from large size, complex alignment, interferometric instability, and small effective nonlinearities.
On-chip integration has the potential to solve these issues, and various on-chip platforms have been
successfully used for SPDC.!>!¢ In waveguides made from gallium arsenide, SPDC to signal and
idler photons with strongly different wavelengths has been shown, and the spectral analysis of this
process has been used to determine losses in the MIR spectral region covered by the idler photon.!”

In this work, we demonstrate the feasibility of titanium-indiffused LiNbO3 waveguides, a stan-
dard platform for many photonic applications,'®!° as building blocks for SPDC spectroscopy on
photonic chips. To this end, we demonstrate that strongly non-degenerate photon pairs with idler
wavelengths can be generated with a tunable wavelength up to the MIR spectral region, similar to
high-power parametric generation but using only a low-power continuous-wave (cw) pump laser.'”
We pump a periodically poled Ti-diffused LiNbO3; waveguide of cw laser with a wavelength 4,
between 740 nm and 780 nm and a power of 0.5 mW. Photon pairs are generated in the waveguide
through SPDC [Fig. 1(a)]. LiINbO3 waveguides provide high field confinement and strong nonlinear-
ity, which enables efficient SPDC even when pumped by a low-power cw laser.’ SPDC in principle
allows the generation of signal and idler photons with wavelengths A, and A;, respectively, across a
broad wavelength band.?! Due to energy conservation, the frequencies of the generated photons are
related by w, = w, + w; [Fig. 1(b)], where w, = 27co/A, with n = [p, i, s] and the vacuum velocity of
light co. However, due to the typically long interaction length in optical waveguides, the generation
efficiency 5 is ruled by the phase mismatch

AB=ky () = ks (A5) = ki (43) + 27/ A (1)
of the three interacting modes according to

1 o sinc? (Aﬂ) ) )

2r
Here, the k; (1;) are the propagation constants of the waveguide modes, A is the period of the peri-
odic poling used to control the phase-matching wavelength, and L is the waveguide length. For a
given pump wavelength, this dependency of the efficiency on the pump wavelength selects certain
wavelength bands for the generated signal and idler photons, in which the spectral width scales with
1/L. Thus, the pump wavelength can be used to tune the signal and idler wavelengths, whereas the

Classical signal
detection

(b) (c)

Pump laser

FIG. 1. (a) Scheme of our measurement approach. A continuous-wave pump laser is coupled to a LiNbO3 waveguide and
generates a photon pair consisting of a signal and an idler photon through spontaneous parametric down-conversion (SPDC).
The generated photons are characterized by a spectrometer. Schemes of (b) energy conservation and (c) momentum conservation
in SPDC.
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possibly long interaction length in waveguide-based photon sources allows for high spectral resolu-
tion. Furthermore, this long interaction length ensures high photon-pair fluence even for low pump
powers,'*?! which is important for practical applications.

The photons generated in our waveguide are analyzed using a classical spectrometer based on
an InGaAs detector, which is sensitive in the near-infrared (NIR) spectral range from 1000 nm to
1650 nm. Using this, we experimentally demonstrate the wide spectral tunability of waveguide SPDC.
Furthermore, we show that the measurement of one of the paired photons in this well-accessible
spectral range is sufficient to extract properties of the system at the wavelength of the other photon,
which could be in the mid-infrared (MIR) spectral range above 2 um wavelength. This capability
provides the basis for implementation of SPDC spectroscopy on a chip.

We experimentally measure the intensity of the generated photon pairs for different pump wave-
lengths A,. To identify signals stemming from detector noise or background illumination, we also
measure spectra with switched-off pump laser. The spectra obtained after subtracting these back-
ground spectra from the measured SPDC spectra are plotted in logarithmic scale in Fig. 2(a). We
have performed comparable measurements at several different pump powers, which show linear
dependence of the SPDC amplitude on the pump power, confirming that all presented spectra are in
the low gain regime of single photon pairs. For pump wavelengths below 776 nm, we always find
a characteristic spectral line stemming from phase-matched SPDC to the guided signal and idler in
the fundamental mode of the waveguide as described above. At the upper limit, 4, = 776 nm, the
SPDC emission is degenerate, i.e., 4; = ;. As the pump wavelength A, is getting smaller, the SPDC
spectrum is also transformed, with signal and idler wavelengths spreading apart to ensure energy
conservation. As the used spectrometer cannot detect radiation with wavelengths longer than 1650
nm, we are only able to register the short-wavelength signal photons. Nevertheless, using the known
pump and signal wavelengths, we can calculate the wavelengths of the idler photons according to
Ai= (1//lp - 1//ls)_l. For specific pump wavelengths, these deduced idler wavelengths are denoted in
Fig. 2(a). For pump wavelengths below 765 nm, the generated idler wavelengths are above 2 um.

The intensity of the spectral line of signal photons in the fundamental waveguide mode is pro-
portional to the fluence of the emitted photon pairs. By calibrating the spectrometer with a classical
cw-laser source at different signal wavelengths, we were able to determine the down-converted pho-
ton fluence for the pump power of 0.5 mW. The photon rate reaches 9 x 10° pairs/s at A, = A;
= 1552 nm and decreases to 3 x 10° pairs/s at A, = 1250 nm when only the signal photon branch

b
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FIG. 2. (a) Measured intensity of photon pairs generated by SPDC in a LiNbO3 waveguide in dependence on signal and pump
wavelength. White circles indicate idler wavelengths A; for specific pairs of signal wavelengths A; and pump wavelengths A,,.
(b) Normalized SPDC spectra for three different pump wavelengths. (c) Half-widths of the measured spectral peaks towards
long wavelengths (red solid lines/circles) and short wavelengths (orange solid lines/circles), where the solid lines and circles
denote two independent measurement runs with two different spectral resolutions (WL 1 for higher resolution and WL 2 for
lower resolution). The grey shading denotes pump wavelengths where no phase-matching between guided modes is expected.
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is measured, in line with previous demonstrations of optical parametric generation in waveguides
with higher pump powers.!*?! Measuring only the signal photons is sufficient to estimate also the
emitted idler fluence in the case of low loss for both wavelengths, as the same amount of signal
and idler photons are generated, and also both photons reach the end of the waveguide. Higher
losses for one of the involved photons would lead to significantly broadened SPDC spectra for
non-degenerate SPDC,!” which are not observed in the wavelength range where we measure the
fluences.

In addition to the fundamental waveguide mode corresponding to the brightest dispersion curve,
there are also fainter curves corresponding to the higher-order waveguide modes, where phase-
matching is allowed for different sets of interacting wavelengths.?” In the rest of this paper, we focus
on the fundamental modes; however, higher-order modes can also be an interesting subject of study in
respect to on-chip SPDC spectroscopy.?® Furthermore, for signal wavelengths smaller than that in the
prominent peak of the fundamental modes, we find a broad background, which we attribute to phase-
matched SPDC to a guided fundamental mode at the signal wavelength and plane waves propagating
in the lithium niobate substrate at the idler wavelength, similar to the Cerenkov configuration in
second-harmonic generation.”* The plane waves can have different propagation angles with respect
to the waveguide and thus provide a continuum of modes to which the guided signal mode can be
phase-matched.

We furthermore demonstrate that information about the waveguide properties in the MIR wave-
length can be extracted from the measured spectra in the NIR. Spectra for three different pump
wavelengths, denoted by the dashed lines in Fig. 2(a), are plotted in Fig. 2(b), where the wavelength
axis is scaled relative to the wavelength of maximum SPDC. For a pump wavelength of 775.9 nm,
close to the degeneracy wavelength, we find a broad maximum corresponding to the phase-matching
of guided modes and a faint continuum at short wavelengths corresponding to phase-matching to
plane waves. When the pump wavelength is decreased to 762.3 nm, the phase-matching peak of
the guided modes is getting narrower and the continuum moves closer to this peak but is still sep-
arated by a clearly discernible minimum. For an even smaller pump wavelength of 750 nm, the
distinct peak vanishes; instead, we observe a sharp cutoff of the generated continuum towards larger
wavelengths.

To comprehensively analyze the transition between the regime of separated phase-matching of
guided modes and plane waves and the regime where they are merged, we calculate the spectral half-
width of the observed peaks, both in the directions towards long wavelengths and short wavelengths,
respectively, and plot them in Fig. 2(c) in dependence on the pump wavelength. Close to the upper
boundary for possible pump wavelengths, we find a large width in both directions. The phase-matching
peak is getting narrower for smaller pump wavelengths but remains symmetric. The smallest measured
half-widths are approximately 3 nm and are limited by the spectral resolution of the used spectrometer.
If the pump wavelength is further decreased and in turn the difference in signal and idler wavelengths
is increased, we find that the half-width towards smaller wavelengths is getting larger again, whereas
the half-width towards larger wavelengths stays approximately constant. The onset of this asymmetric
broadening corresponds to the wavelength in which the minimum separating SPDC to guided modes
and SPDC to plane waves in the generated spectrum vanishes.

This transition denotes the cutoff of the guided mode at the idler wavelength. To support this
interpretation, we carry out numerical simulations of the waveguide modes using the finite element
method (FEM). Based on the known diffusion profiles of the Ti ions forming the core of the waveg-
uide? and the wavelength-dependent refractive indices of LiNbO from Ref. 26, we calculate the
propagation constants of the fundamental TM-polarized waveguide mode in a wide spectral range
from 740 nm to 2600 nm. Above a wavelength of 2550 nm, no guided modes could be found. The
obtained data is then used to determine wavelength combinations of A, Ay, and A;, for which energy
conservation is fulfilled and the phase mismatch approaches zero, according to Eq. (1). Pump and
signal combinations for which phase-matching can be achieved are plotted with the orange line in
Fig. 3. For pump wavelengths below 748 nm, no phase-matching to guided modes could be identified,
as guided modes above the corresponding idler wavelength of 2550 nm would be required, which
do not exist. We compare the simulated phase-matching wavelengths with experimentally measured
wavelength combinations, found by determining the signal wavelength of maximum SPDC intensity
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FIG. 3. Numerically calculated SPDC phase-matching curves of guided signal and idler modes (red solid line), guided signal
mode and idler plane wave propagating parallel to the waveguide (solid black line), and guided idler mode and signal plane
wave propagating parallel to the waveguide (dotted black line). The grey shading denotes regions where phase-matching of
guided modes with plane waves propagating in other directions can take place. Measured phase-matching wavelengths for
the case of signal and idler guided modes (blue crosses) are in excellent agreement with the measured spectral maxima,
showing the overlapping phase-matching wavelengths to guided modes and plane waves further away from the degeneracy
point.

for each pump wavelength. The measured values, denoted by the blue markers in Fig. 3, fit to the
simulated curve very well.

Furthermore, with the black lines, we plot wavelength combinations in which phase-matching
is achieved between one guided mode and a plane wave propagating in the lithium niobate crystal
parallel to the waveguide. We consider both possibilities of either the signal or the idler being the
plane wave, where solid (dashed) lines denote phase-matching of signal (idler) guided modes to idler
(signal) plane waves. The grey shading denotes the continuum of wavelength combinations, where
phase-matching of a guided mode to a plane wave propagating under an angle with respect to the
waveguide is possible. The white region between the orange and black lines then corresponds to
the spectral gap between guided modes and plane waves, which we observed in the experiment. For
decreasing pump wavelength, this gap indeed is getting narrower. As exactly at the cutoff wavelength
the propagation constants of the guided mode and of the parallel plane wave are the same, phase-
matching to both can be fulfilled simultaneously, and the spectral gap closes entirely. This was
observed in the measurement and is also found in the simulations.

To enable spectroscopic measurements using such waveguides, unknown substances outside the
waveguide core have to be probed using the evanescent tails of the guided modes. Importantly, for
measurements at the MIR idler wavelengths, only the idler mode should interact with the sample
to be measured. This can be achieved using the very different mode sizes of the pump, signal, and
idler. The idler mode at MIR wavelengths is much more delocalized than the other modes due to
the longer wavelength. Thus, it can interact with an unknown substrate placed in close proximity
to the waveguide. The complex refractive index experienced by the idler photon will be influ-
enced by the substance in close proximity to the waveguide, whereas the signal and idler modes
will not be affected. For the particular waveguide geometry utilized in our experiment, we propose
a microfluidic channel close to the waveguide.?’” However, our general approach for waveguide-
based spectroscopy can also be implemented in LiNbO3 waveguides with other geometries, such
as ridge waveguides,”® which are expected to allow spectroscopy of gases and solids above the
waveguide.

To assess this concept, we calculate the guided pump, signal, and idler eigenmodes for a sys-
tem consisting of a lithium niobate waveguide and a parallel microfluidic channel with 1 um X
1 um cross section buried 6 um below the substrate surface and 7 ym away from the waveguide
center. The resulting mode profiles are shown in Fig. 4(a) for the pump, signal, and idler wave-
lengths of 750 nm, 1100 nm, and 2450 nm, respectively. We assume the microfluidic channel to
be filled with a strongly absorbing high-index liquid with refractive index n; = 1.5 + 0.1i, in which
dispersion is neglected. It is clearly visible that the idler mode is influenced by the presence of
the lossy channel, indicated by the white square in Fig. 4(a), whereas pump and signal modes
are practically unaffected. Such placement of the microfluidic channel has minimal effect on the
dispersion of the guided modes; hence, the waveguide characterization performed in this work is
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FIG. 4. (a) Intensity distributions of the pump (left), signal (middle), and idler (right) modes showing different mode sizes
calculated for a lithium niobate waveguide and a parallel microfluidic channel indicated by a white square with 1 ym X 1 um
cross section buried 6 um below the substrate surface and 7 ym away from the waveguide center. The white dashed lines
mark the upper edge of the lithium niobate substrate. (b) Absorption coefficients for idler (blue) and signal (red) modes vs.
the microfluidic channel transverse coordinate for high-index liquid (solid lines with crosses) and water-like liquid (dashed
lines with circles).

expected to be useful for structures with microfluidic cavities. Nevertheless, further reference mea-
surements with the microfluidic channel in place would be useful to increase the precision of SPDC
spectroscopy.

Calculated mode absorption coefficients for signal and idler modes for different transverse posi-
tions of the microfluidic channel are plotted in Fig. 4(b) for the high-index liquid used in Fig. 4(a) and
a liquid comparable to water with refractive index n; = 1.2 + 0.1i. For distances closer than 7 ym, the
idler mode is not guided; hence, no results can be obtained. For 7 um distance, «; is around 15 m~!
(7 m™") for the high-index liquid (water) case, which is about 70 times larger than the loss coefficient
for the signal a; and 4 orders of magnitude larger than the loss coefficient for the pump «a, (not
shown). Although the absolute value of the idler mode losses decreases with increased distance of
the microfluidic channel, the ratio a;/a; increases, leading to even better separation between effects
caused by the signal and the idler.

Taking into account the differences in the loss coefficients and using the reference results obtained
in this paper will allow separating the influence of the medium under test on the signal wave in future
works. This way, spectroscopy of unknown substances in the MIR will become possible on a chip
by relying only on classical spectral signal measurements in the NIR and reference measurements
reported in this work. Increased sensitivity can potentially be achieved, similar to previous bulk optical
implementations,®!!'? by using nonlinear interferometry between several SPDC sources integrated
on a single chip. In this context, the interferometric stability of integrated photonics will become
highly advantageous.

To summarize, we have evaluated the properties of a standard periodically poled waveguide
in lithium niobate with respect to applications in on-chip SPDC spectroscopy. We experimentally
demonstrated that strongly non-degenerate photon pairs with idler wavelength up to 2.5 um can
be generated, well outside the detection bandwidth of standard InGaAs detectors. To highlight the
capability of obtaining information about the waveguide in the MIR spectral range without actually
measuring there, we determined the cutoff of the guided mode at 2.4 um wavelength. Our results fit
well to the simulations of the phase-matching properties of the waveguide and lithium niobate chip.
Furthermore, using simulations, we showed that these waveguides can also be used for spectroscopy
of substances held in a microfluidic channel next to the waveguide. Importantly, our results show
that this concept enables separating contributions of the idler, signal, and pump interaction with the
analyte.

Hence, we can conclude that lithium niobate waveguides are a suitable platform to perform
SPDC spectroscopy. Compared with previously demonstrated bulk optical approaches,? this on-
chip system provides a compact solution and much higher SPDC efficiency reaching 9 x 10° pairs/s



021301-7 Solntsev et al. APL Photonics 3, 021301 (2018)

for 0.5 mW of pump power. The available wavelength range can be further extended towards longer
wavelengths by using optimized waveguide geometries.>?
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