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Monolithic optical parametric oscillators extend laser frequencies in compact architectures, but normally
guide and circulate all pump, signal, and idler beams. Critical frequency matching is raised among these
resonances, limiting operation stability and continuous tuning. Here, we develop a box resonator geometry
that guides all beams but only resonates for signal. Such noncritical frequency matching enables 227 GHz
continuous tuning, with sub-10 kHz linewidth and 0.43 W power at 3310 nm. Our results confirm that
monolithic resonator can be effectively used as a tunable laser including midinfrared wavelength, as further
harnessed with methane fine spectral measurement at MHz accuracy.
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Tunable lasers are essential for high resolution spectros-
copy applications at all wavelength ranges [1-4], with the
narrow linewidth for high spectral resolution and continu-
ous tuning for gapless spectral coverage. High-performance
tunable lasers are well developed at specific wavelengths
in the visible-near-infrared (NIR) range, with narrow
linewidth down to kilohertz level, broadband mode-hop-
free tuning and high output power [5-9]. However, there
are other wavelengths that are challenging to match such
high laser performance in the linewidth, tuning capabilities
and power. These wavelengths may also have special
interest, and one good example is the midinfrared (MIR)
wavelength from 3 ~ 5 um [10,11], which is known as the
rotational and vibrational absorption fingerprints of mol-
ecules and fulfill the gas spectroscopy requirement [12]. An
alternative approach is the indirect laser light generation
using the optical parametric oscillation, so that the coherent
radiation can be frequency transferred to the target wave-
lengths using the existing tunable lasers [13—19].

Recent advances of monolithic optical parametric oscil-
lators (OPOs) [20-28] with miniature footprints and high
spectral coherence in a compact architecture, pushes for-
ward the development for future field-deployable photonic
devices. These monolithic OPOs are not only integrated
version of the conventional bulk-element OPOs, but also
provides transverse confinement of light via total internal
reflection and further lower the threshold. However, the
critical frequency matching, which means that the pump
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laser must match with cavity resonance for efficient
coupling, is normally required for their stable operation.
This can be more challenging for these monolithic OPOs
with their quality factor (Q) scales up. Moreover, such
critical frequency matching also well defines output
frequencies of the monolithic OPOs, and thus limits their
continuous frequency tuning capability as tunable laser. In
the case of MIR generation, people still have to use bulk-
element OPOs to fulfill the continuous tuning requirement
[29-34], which is too bulky, environment sensitive, and
expensive for out-of-lab applications.

Here, we develop a new resonator geometry called box
resonator for the first demonstration of monolithic mini-
OPO with noncritical frequency matching. Such box
resonator allows wavelength-selective cavity enhancement,
which is key to relaxing the critical frequency matching
in a monolithic resonator device, for stable free-running
operation and continuous tuning like a tunable laser. It is
fabricated by mechanical polishing and dielectric coating,
enabling near-material-limited high Q of 2.3 x 107 around
1555 nm. Quasiphase matching (QPM) is engineered by
the lithium niobate optical superlattice design, for low-
threshold MIR generation around 3.1 ym wavelength
with 1 ym pump. By changing the wavelength of the
pump laser and temperature of box resonator, a course
tuning range over 600 nm is achieved for the single-
frequency MIR output, and more importantly, a fine-tuning
range of 227 GHz can be performed without mode hops
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for continuous MIR coverage. Its uniform and large mode
profile further releases the requirement of coupling and
allows higher circulating power, for 430 mW high-power
MIR output. We further test the MIR source for its
spectroscopy capability via the fine absorption features
measurement of low-pressure methane, and the result shows
megahertz-level spectroscopy accuracy over the whole scan
range of 110 GHz. This box resonator can be used as a
tunable laser source in the MIR range, with mod-hop-free
fine-tuning performance to match that of the visible-NIR
tunable laser, for a variety of practical applications.

In quasiphase matched OPO process, the maximum
wavelength tuning range is determined by the phase-
matching bandwidth, which can be calculated as

0.443
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where n, , and n,; are the group index of pump (p) and
idler (i) waves, respectively, ¢ and L are the speed of light
and the length of box resonator, respectively. However,
in the case of doubly and triply resonant configurations,
frequency matching between cavity resonances and optical
waves adds extra limitation for the continuous tuning,
which is not necessarily satisfied and critically sensitive to
the cavity dispersion and cavity length in a monolithic
OPO. The upper panel of Fig. 1(a) illustrates a conventional
triply resonant monolithic resonator such as whispering
gallery resonator (WGMR) or microring resonator. Such
well-defined frequency matching greatly reduces the con-
tinuous tuning range to the resonance linewidth (Av,),
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FIG. 1. Box resonator geometry. (a) Schematic of a box
resonator in comparison to a conventional monolithic resonator.
(b) The fabrication process of a noncritical-frequency-matching
box resonator. (c) Box resonator transmission at around 1.5 ym.
Inset I shows the fitted resonance linewidth of 8.4 MHz. Inset II
shows a microscope photo of surface S1. Inset III shows mode
profile of TM0O mode.
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which is related to the oscillation frequencies (v) and
corresponding cavity Q as Av,. = v/Q. In a triply resonant
monolithic OPO with same Q, this value can be calculated
to be 3.9 MHz. In addition, such configuration also requires
high pump frequency stability in relative to specific
resonance. As well known, however, the wavelength-
selective resonance can be configured by optical coating
for realizing a singly resonant configuration, and here it is
applied to a new box resonator geometry as shown in the
lower panel of Fig. 1(a). Here, only signal wave around
1550 nm is resonated, so that frequency matching condition
is greatly released at pump and idler, and broadband
continuous tuning range up to 800 GHz can be expected,
which is equal to the phase-matching bandwidth in our
box resonator. Based on this principle, the continuous MIR
tuning with signal locked at a single resonance can be
achieved in such box resonator geometry following the
pump tuning.

In this box resonator geometry, high Q at signal wave-
length is the key to achieving low threshold, high cavity
enhancement, and high efficiency pump to MIR conver-
sion. Previously, material-limited high Q can only be
accessed in a mini-OPO via mechanical polishing, and
the best example is the WGMR. Here, we revisit this
concept by the new box resonator geometry. While the high
optical-polishing quality can lead to the similar high Q,
such box resonator differs from the WGMR as a wave-
guide-based resonator to be easily end-coupled, and most
importantly coat-configurable for noncritical frequency
matching in OPO. The simulated TMOO mode profile of
box resonator is shown at the top right of Fig. 1(c). The four
polished sidewalls ensure low loss total internal reflection
for optical waves propagation while the two end faces are
coating configurable. The fabrication process is shown in
Fig. 1(b). It starts from a z-cut MgO-doped lithium niobate
(LN) optical superlattice crystal [35-37] with poling period
of 30.4 um for type-0 quasiphase matched OPO from 1054
to 1546 nm and 3310 nm at 356 K. This crystal is grinded
into thin film and finely polished down to a thickness of
110 pm. Lithium tantalate (LT) substrates are bonded on
both sides of the optical superlattice thin film for surface
protection and thermal management, with 100 nm thick
SiO, layer deposited on each bonding surface as buffer
material. The cross-section facets are then polished and
dielectrically coated with 99.8% (for S1) and 99% (for S2)
reflection, respectively, at around 1.5 ym and antireflection
at 1.0 ym and 3 um. Multiple box resonator devices can be
achieved by the slicing and sidewall polishing from
sandwiched thin film, with a width of 0.49 mm. Finally,
a 0.3 mm thick LT sheet is bonded to the rear facet (52)
of box resonator, with a third reflective facet (S3) coated
with 90% reflection around 1.5 um, for single longitudinal
mode selection.

We characterize the Q of box resonator by scanning
the frequency of a 1.5 yum tunable semiconductor laser
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(TSL, Toptica CTL1550) over the resonances of TM mode,
i.e., the extraordinary polarization. As shown in Fig. 1(c),
the free spectral range (FSR) is 1.47 GHz, in good agree-
ment with the 45.5 mm length of the box resonator. The
linewidth of TMO0O mode is fitted to be 8.4 MHz, which
corresponds to 2.3 x 107Q. Such high Q is comparable to
that of WGMRs [38,39], as expected, and is the key to
enabling low threshold even in a mini-OPO scheme with
such large mode area, as required for high-power handling.
It is worth noting that although the relatively large mode
area results in multitransverse modes, only low-order
modes are in high Q due to their less sensitivity to the
surface roughness, and mode-selective excitation is pos-
sible with the adjustment of free space-to-resonator cou-
pling. And the large mode area and straight-waveguide
design of box resonator also lead to neglectable dispersion
deviation from bulk LN crystal with effective refraction
indices variations less than 107> at all wavelengths, so that
we can take advantage of the mature quasiphase matching
and periodical poling technologies in bulk crystal.

The schematic of the experimental setup is shown in
Fig. 2(a). We use an ytterbium-doped fiber amplifier
(YDFA) amplified 1 ym TSL (Toptica CTL1050) as pump.
The pump beam is directed through a set of cylindrical
lenses to match the profile of the TM00O mode. Filters are
used to separate the pump, signal, and MIR idler beams for
further measurement. The box resonator is placed on a
doubly enclosed temperature-controlled metal mount with
instability of about 2 mK. For our box resonator based
OPO, the pump intensity required to reach oscillation
threshold can be expressed as [40]
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FIG. 2. Power and wavelength tuning of the box resonator.
(a) Experimental setup. WLM, wavelength meter; L1, L2, sets of
cylindrical lenses. (b) The MIR output power as a function of
pump power. (c) The linear-scale spectrum of signal wave shows
a clean single peak. The inset shows the result of a rf measure-
ment, to confirm a single-longitudinal-mode oscillation. RBW,
resolution bandwidth. (d) Wavelengths of signal and idler light as
a function of the pump wavelength.
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where €, and A are the dielectric constant and wavelength
in vacuum, respectively, n and d.; = 14.8 pm/V are the
refractive index and effective nonlinear coefficient of LN,
respectively, the subscripts p, s, i represent for pump, signal,
and idler waves, a; is the fractional round-trip power loss for
the signal wave. Figure 2(b) shows the MIR output power as
a function of pump power with the conversion efficiency up
to 4.7%. The oscillation threshold can be estimated to be
about 2.3 W, which matches well with the theoretical value
of 1.9 W considering the additional coupling loss of pump
beam. The kink in this curve at 2.7 times threshold is due to
the saturation of the pump depletion. The maximum MIR
output power is 0.43 W with pump power of 18.3 W, which
is important for high-sensitivity long-distance methane
sensing and beyond the current capability of the quantum
cascade lasers at this wavelength.

The spectrum of the signal light is measured by an
optical spectrum analyzer (OSA, Yokogawa Electric Corp.
AQ6375) as plotted in Fig. 2(c), showing a clean single
peak, within the instrument limited resolution (0.05 nm,
corresponding to 6.2 GHz at 1550 nm) of OSA. The radio
frequency (rf) measurement result in electrical spectrum
analyzer (ESA) produced by sending the signal beam to a
fast photodetector (PD, EOT, ET-5000F) shows no iden-
tifiable rf noise in the range from DC to 12 GHz [inset of
Fig. 2(c)]. These results confirm single-longitudinal-mode
optical parametric oscillation for the signal light, and thus
the MIR idler light as well.

Figure 2(d) shows the wavelength tuning results with
pump wavelength tuning at different temperatures of box
resonator. For OPO process, the functional relationship of
signal, idler, and pump wavelengths under different temper-
ature (7') can be extracted from energy conservation and
momentum conservation as

n(ﬂp,T)
A

n(.T) n(A,T) 1

= - 3
w T T (3)

p

where A is the poling period of LN and n(4, T) is temper-
ature-dependent Sellmeier equation for LN crystal [41]. The
measurement results match well with the calculated tuning
curves. Single-frequency MIR output can be achieved in a
wide wavelength range from 2800 to 3400 nm.

In MIR spectroscopy applications, the laser linewidth
defines the spectral resolution, and narrow linewidth and
high spectral accuracy are the keys for the characterization
for the fine and hyperfine absorption features of molecules.
In fact, the direct linewidth measurement for such a high-
quality MIR source can be a challenge that requires MIR
interferometry, so that we perform an indirect measurement
for the signal light, and MIR linewidth can be inferred from
energy conservation. Such measurement is performed using
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FIG. 3. Characterizations of linewidth and continuous tuning
ability. (a) Schematic of experimental setup for linewidth meas-
urement. (b) Measured coherent envelope, showing a CDSPST of
11.8 dB. (c) Experiment setup for mod-hop-free tuning measure-
ment and low-pressure methane absorption spectrum measurement.
BS, beam splitter. (d) Both pump (blue curve) and idler (red curve)
frequencies are recorded by two wavelength meters, respectively,
showing a mode-hop-free tuning range up to 227 GHz.

short delayed self-heterodyne interferometry (SDSHI),
where the signal light linewidth can be estimated from
the strong coherent envelope in the self-heterodyne rf beat
signal [42,43]. As shown in Fig. 3(a), the signal light is first
amplified in an erbium-doped fiber amplifier (EDFA) and
then directed to two interferometer arms by a 1 x 2 fiber
coupler. The light in the upper arm is frequency shifted
by 40 MHz using an acoustic optical modulator (AOM),
while that in lower arm is directed through 1 km of fiber
delay. The lights in the two interferometer arms are then
recombined using a second 1 x2 fiber coupler, and
detected by a PD at the output port. Polarization controllers
(PCs) are aligned to maximize the fringe contrast of
the interference and thus the signal-to-noise ratio of the
rf beat note. Figure 3(b) shows the measurement result, and
signal linewidth can be retrieved from the contrast differ-
ence between the second peak and the second trough
(CDSPST, AS) in the coherent envelope, using the follow-
ing equation [42,43]:

[1 + <—” K;.L )2] [1 + efzn”fi”f]
2 i (4)
[+ G ) [ -]

where ny and L, are the refractive index and length
of delayed fiber, respectively, and Af is the Lorentzian
linewidth of the power spectrum. Here, the measured
CDSPST is estimated to be 11.8 dB, corresponding to a
signal linewidth of 7.7 kHz according to Eq. (4), which is
on the same order as the pump linewidth of ~5 kHz
(according to manufacturer’s data). Therefore, the MIR
linewidth of 10 kHz maximum can be estimated.

The commercial visible/NIR tunable lasers are known
for their large mode-hop-free tuning ranges. Our box

AS(Af) = 10logy,

resonator is designed to transfer such feature to the MIR
range in a mini-OPO platform. A high-fidelity transfer
can be achieved in our box resonator geometry while the
signal wavelength is self-locked to the center of the same
longitudinal mode during the whole pump tuning. We track
such frequency transfer from the NIR to MIR wavelength,
by the direct wavelength samplings on the NIR pump and
MIR idler simultaneously, using two wavelength meters
(WLM, HighFinesse, pump: WSU-2, and MIR: WS6-200
IR-III), as shown in Fig. 3(c). Consistent and uniform MIR
tuning is achieved following the pump tuning within a wide
mode-hop-free tuning range of 227 GHz [29] as shown in
Fig. 3(d). Considering the limited sampling rates of the
WLMs, a relatively low pump tuning speed of 73 GHz/s
is used. Such wide tuning range benefits from the
noncritical frequency matching in box resonator geom-
etry as well as the single longitudinal mode enhancement
by the LT etalon.

To further test the frequency consistency in fine absorp-
tion features characterization using our box resonator-based
MIR source, we perform a spectrum measurement on the
low-pressure methane, where each absorption line can be
well referenced to the theoretical calculation [44]. The MIR
wavelength is set around 3315 nm (or 3017 cm™! in wave
number), for the investigation of Q branch in the methane
vy band [45,46]. These major lines are known as the
methane fingerprints, but at the short wavelength edge for
the quantum cascade laser (QCL) technology from the
fabrication point of view [47-49]. Here, we use a 30-cm
long gas cell containing 0.15 mbar of methane buffered to
0.57 mbar nitrogen to minimum the collision broadening of
the absorption lines. Most of the MIR output is directed
through the gas cell to a PD for the transmission meas-
urement, while a small portion of the MIR output is directly
sent to a second PD for the intensity normalization. We also
correct the pump tuning uniformity by a clock signal, that is
generated from a fiber Mach-Zehnder interferometer (MZI)
using a small portion of pump light, as shown in Fig. 3(c).
The MZI is built with 20 m unbalanced path lengths, which
results in a 10.3 MHz interference clock rate.

With pump tuning rate at 1 THz/s, we perform the
measurement over the frequency span of 110 GHz
(3.7 cm™') and the results (blue curves) are shown in
Fig. 4(a) in comparison to the theoretical calculation [44].
The well-matched absorption lines are clearly visualized as
the close-up view shown in Fig. 4(b), with calculated small
inaccuracy of 1.84 MHz maximum and 0.97 MHz root-
mean-square (rms) [navy dots in Fig. 4(c)], which can be
further improved by stabilizing the fiber delay line in the
MZI [50]. We further perform the residual of the measured
data from the theoretical calculation [magenta curve in
Fig. 4(c)], and low rms value of 0.0089 is calculated.
Notably, these results indicate that this mini-OPO MIR
source can distinguish individual features in complex and
possibly overlapping spectra for real-time spectroscopic
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FIG. 4. Low-pressure methane absorption spectrum measure-
ment. (a) Experimentally measured and theoretically calculated
MIR transmissions from gas cell are plotted in blue and red
curves, respectively. (b) Detailed gas absorbance trace of the
highlighted regions in (a). (c) The residual values (magenta
curve) and the peaks in accuracy (navy dots) from the theoretical
calculation.

analysis, since the spectral resolution is better than the
width of molecular absorption considering the typical
pressure-broadening of the spectral lines.

In conclusion, we have demonstrated a box resonator
mini-OPO and resolve the critical frequency matching
problem in normal monolithic OPO schemes. Such box
resonator geometry is the second type of mini-OPO to
achieve material-limited high Q in parallel to the WGMR
for lithium niobate, but with noncritical frequency match-
ing for stable free-running operation and continuous
tuning. High-fidelity NIR to MIR frequency conversation
is achieved, not only at single frequency, but also in
mode-hop-free tuning, and without critical temperature
stabilization and pump-to-resonance matching require-
ment. MHz-level high accuracy and 10-kHz high resolution
are achieved in the continuous tuning range up to 227 GHz.
With MIR output designed around 3.3 ym, the high
spectroscopy performance is harnessed with the fine
structure measurement using low-pressure methane, and
can be generalized to other MIR wavelengths with different
domain engineering of the optical superlattice. In this work,
we use a high-performance external cavity diode laser as a
pump to study the performance limit of our box resonator-
based MIR source. In practical applications, chip-scale
pump sources, for example a DFB laser diode, can be used
for more compact size, better environment robustness, and
lower cost of the system, for field-deployable devices.
Here, we use a box resonator with 110 ym thickness to
enable 430 mW high-power MIR output, direct diode pump
without fiber amplifier is possible with thinner box

resonator design down to the 10-um level, in an even
smaller package for low power applications.
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