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ABSTRACT

Mid-infrared (mid-IR) spectra revealing the distinct “fingerprint” of molecules are of critical importance for both science and technology in
chemistry, physics, materials science, and biology. Mid-IR sensing and spectroscopy provide unique and powerful tools for crucial applica-
tions in greenhouse gas monitoring, hazardous emission detection, and medical breath diagnosis. However, the low-photon energy character-
istic of the mid-IR spectrum poses significant challenges for both mid-IR light sources and detectors, hindering their compact and
cost-efficient applications in various areas. Here, we experimentally demonstrate mid-IR gas spectroscopy without mid-IR photons solely
using convenient near-IR optical components. This is realized by generating photon pairs (i.e., a mid-IR photon and a near-IR one) through
a spontaneous parametric downconversion in a microscale optical cavity. The generation rate of near-IR photons strongly relies on the
absorption of the mid-IR photon due to their quantum correlation. Through interacting with evanescent fields around the microcavity, the
absorptive mid-IR resonances of the surrounding gas greatly affect the detected near-IR photons without harassing any mid-IR photon. This
scheme presents a cost-effective and compact solution for on-chip quantum gas spectroscopy without requiring expensive mid-IR lasers and
detectors or lasers, thereby paving new avenues for applications in environmental monitoring/safety, healthcare, and agriculture.

VC 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0291359

I. INTRODUCTION

The mid-infrared (mid-IR) spectral region, spanning 2 to 20lm, is
crucial for its unique ability to provide “molecular fingerprints” of the
fundamental vibrational modes of molecules. This makes mid-IR spec-
troscopy an invaluable tool for identifying molecular compositions non-
intrusively across various states of matter for analytical chemistry,
biomedicine, and environmental monitoring.1–3 They can provide
detailed insights into molecular structures of complex biological and
chemical systems4–7 and help diagnose medical conditions via exhaled
gases.8 Also, mid-IR spectroscopy benefits from atmospheric transpar-
ency windows, enabling sensitive environmental gas sensing for

ensuring air quality, monitoring greenhouse gases, and detecting hazard-
ous or toxic emissions in industrial environments.3,9,10 Particularly, this
technology is instrumental for satellite missions addressing climate
change, such as NASA’s Orbiting Carbon Observatory and JAXA’s
GOSAT,11,12 which aim to quantify carbon dioxide (CO2) emissions.
For these various applications, it is urgent and critical to develop porta-
ble and chip-scale mid-IR sources and gas sensors.3,13,14 However, the
mid-IR region has posed significant challenges for photonics, primarily
due to the intrinsic noise of detectors made from narrow-bandgap mate-
rials and the difficulty in realizing efficient light emitters.15,16 The intro-
duction of inter-subband devices such as quantum-well infrared
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photodetectors and quantum cascade lasers has significantly enhanced
the mid-IR capabilities.17,18 However, scalable substrate growth19 and
integration with silicon CMOS chips20 remain substantial hurdles for
costly on-chip mid-IR device integration.21

Recently, a groundbreaking approach to quantum imaging and
spectroscopy has emerged, surprisingly circumventing the need to
detect signal photons.22 This technique exploits quantum interference
between signal and idler photons generated through two cascaded
spontaneous parametric downconversion (SPDC) processes.23–25 In
the first SPDC, a signal-idler photon pair is created. The signal photon,
carrying information from an object, can transfer this information to
the idler through quantum interference in the second SPDC, eliminat-
ing the necessity of direct signal photon detection. Notably, this
method does not require an additional light source for the signal, mak-
ing it well-suited for mid-infrared sensing.26 This technique has rapidly
gained attention for its potential applications in refractometry,27 opti-
cal coherence tomography,28,29 and imaging.22,30,31 However, its reli-
ance on the precise relative phase between signal and idler photons
propagating between the two nonlinear SPDC crystals presents a sig-
nificant challenge for stability control and practical implementation.

In recent years, whispering-gallery mode (WGM) microcavity-
based optical sensors have witnessed significant advances. These reso-
nators are capable of confining light within microscale volumes while
exhibiting ultrahigh-quality (Q) factors, making them a cornerstone
platform for photonic sensing due to their dramatic enhancement of
light–matter interactions.32,33 The operational principle of WGM sen-
sors involves monitoring perturbations to their resonant modes, such
as resonance shifts,34 splitting,35 or broadening36—resulting from envi-
ronmental variations or interactions between the evanescent field and
target analytes. Early studies demonstrated the detection of nanopar-
ticles and viruses by monitoring such resonant shifts,37 and subsequent
research has substantially expanded the capabilities of this platform.
For instance, techniques such as cavity ring-up spectroscopy have
improved the time resolution of these measurements to the nanosec-
ond regime.38 Further innovations—including plasmonic enhance-
ment,39 noise suppression,40 spontaneous chiral symmetry breaking
scheme41 as well as the utilization of interface whispering-gallery
modes42—have significantly lowered the detection limit, enabling the
measurement of minute perturbations. Together, these advances high-
light the versatility and promise of WGM sensors for a wide spectrum
of applications, ranging from single-molecule-level nanoparticle detec-
tion36,41,43,44 and label-free biological analysis42,45,46 to medical diag-
nostics,47 spectroscopy,48,49 temperature monitoring,50 and pressure
sensing.51 Owing to these merits, WGM microcavities constitute a
highly promising platform for our gas spectroscopy experiments.

In this work, we demonstrate mid-IR gas spectroscopy without
mid-IR photons through SPDC in an optical microcavity with conve-
nient near-IR optical components. The cavity-enhanced SPDC simul-
taneously generates a near-IR signal photon and its mid-IR idler, and
the corresponding generation rate highly depends on both photons’
absorption through their quantum correlation. Through interacting
with evanescent fields around the microcavity, the absorptive resonan-
ces of gas in the mid-IR greatly affect such SPDC and its near-IR pho-
tons, which later can be detected for the related mid-IR resonances.
Mid-IR photons are not necessarily generated or detected during
the whole process. Compared to other compact, on-chip sensing
approaches,3,9,13,14,52 our approach offers distinct advantages. By

leveraging quantum correlations, it eliminates the need for costly and
complex mid-infrared light sources or detectors. Furthermore, the use
of resonance-enhanced optical modes enables a significantly longer
effective optical path than what is achievable with integrated wave-
guides alone.9,52 Finally, our scheme requires only a single SPDC
source, in contrast to previous implementations based on nonlinear
interferometers that necessitate two cascaded SPDCs, thereby substan-
tially simplifying the overall setup. Consequently, this convenient
scheme allows us to precisely determine the concentration of the com-
mon gases, such as carbon dioxide, by measuring their absorption
peaks around 2.7lm. We also illustrate its broad applicability for
detecting various gases by measuring absorption peaks of NH3 around
3lm. Furthermore, by carefully reading the spectrum of the near-IR
signal photons, the envelope of the CO2 absorption spectrum can be
obtained, indicating its promising prospect for mid-IR spectroscopy.
These results present an inexpensive and compact approach to on-
chip quantum gas spectroscopy, paving the way for various applica-
tions in environmental monitoring/safety, health care, and agriculture.

II. RESULTS AND DISCUSSION
A. Conceptual illustration and theoretical analysis
of mid-infrared spectroscopy

The schematic illustration for our quantum sensor is depicted in
Fig. 1. A high-quality (Q) factor, Whispering-Gallery Mode (WGM)
microcavity with second-order nonlinearity fabricated on a thin-film
Lithium Niobate,53 is coupled with a tapered fiber. A 780nm pump
laser (blue ray in Fig. 1) is launched into the cavity. The spontaneous
parametric downconversion with ultra-broadband spectra information
can be obtained in such a system, thanks to cavity resonance enhance-
ment. When the phase-matching condition is satisfied, the idler
wavelength could even extend into the mid-IR range, which is the
absorption fingerprint region for most gas molecules, while the wave-
length of the corresponding signal light is kept within the near-IR
range. For instance, considering the idler photons around 2.7lm,
which is coincident with the strong absorption peaks of CO2, the signal
wavelength is about 1096 nm, as shown in the inset of Figs. 1(a) and
1(b). According to the inherent quantum correlation22–25 and
coupled-mode theory,54 there exists a strong correlation between signal
and idler photon pairs. Notably, when the cavity is exposed to CO2

gas, as shown in Fig. 1(a), the evanescent field of the mid-IR idler (yel-
low) will be absorbed. This will also lead to the annihilation of near-IR
signal photons due to their correlation. This could also be understood
using a classical model in which the mid-IR absorption introduces an
additional loss into the system, which could consequently affect the
signal photon generation.

The dynamic of the SPDC in the microcavity can be described by
a Hamiltonian,

H ¼ �Ds � ics gap
�g�a�p Di � ici � ija

 !
: (1)

Here, we define cs ¼ c0s þ ccs and ci ¼ c0i þ cci, where c0s and c0i
correspond to the intrinsic decay rate for signal and idler, respectively,
caused by material absorption and surface roughness, whereas ccs and
cci represent their coupling strength to the single-mode tapered fiber;
Ds ¼ xs � x0s and Di ¼ 2xi � x0i represent the frequency detuning.
g is the nonlinear coupling coefficient for SPDC, which is determined
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by vð2Þ. Under the non-depletion approximation, the pump field ap is
invariant, and gap is a constant. In contrast to the traditional SPDC,
we have an additional ja term in the idler part, which originates from
the loss induced by CO2 absorption. According to the Beer-Lambert
law, ja is mainly determined by the absorbance of the gas sample and
the evanescent field ratio C, which is defined as the modal power frac-
tion residing in the air cladding. When this loss term exists, the idler
photon field is attenuated and so is the signal field, since they are cou-
pled together by second-order nonlinearity.

With a phase-matching condition, the output signal photon rate
Rs can be written as

Rs ¼ 2g2

cs þ ðci þ jaÞ
ccsccp
csc2p

P
�hxp

; (2)

where P is the input pump power and xp is the pump frequency;
ccp is the coupling loss of the pump mode and cp ¼ c0p þ ccp is
defined as the total loss for the pump mode. It is clear from the
denominator of the first in Eq. (2) that the signal output photon
rate Rs is not only determined by the loss of the signal mode itself
but also influenced by the loss of its corresponding idler mode.
The additional loss rate ja induced by the absorption of the idler
photons in Eq. (2) will lead to changes in the Rs. Consequently,
the CO2 absorbance, thus the concentration, could be measured by
the photon generation rate (PGR) of the near-IR signal light,
which could be easily detected by a near-IR detector. Here, the
microcavity only serves as an SPDC source and a gas sensor. The
mid-IR idler photons are only involved in the sensing/spectroscopy
process, transferring information through the coupled-mode equa-
tion, but are never measured.

B. Experimental realization of OPO and SPDC
in the on-chip microcavity

First, to explore the characteristics of the SPDC, we measure
the associated optical parametric oscillation (OPO) spectrum with
pump power far exceeding the threshold. The outcoupled light is
detected using an optical spectral analyzer shown in Fig. 2(a). It
exhibits a broadband output spectrum resembling an optical fre-
quency comb. This arises from the simultaneous satisfaction of
phase-matching conditions for many modes in the pump, the signal,
and the idler regions, thanks to the dense distribution of WGM
modes. No comb lines are recorded at a shorter signal wavelength
range of around 1100nm, whose corresponding idler wavelength is
located in the CO2 absorption region. This can be attributed to a sig-
nificant phase mismatch between these highly nondegenerate signals
(near-IR) and idler modes (mid-IR).

On the other hand, an ultra-broadband SPDC is much easier
to achieve. The desired highly nondegenerate photon pairs men-
tioned earlier can be generated below the threshold. The setup is
meticulously designed to measure the generation rate of the signal
photons near 1100 nm. The out-coupled light is separated through
a 780/1064 wavelength division multiplexer (WDM). The pump
light propagating in the 780 nm channel is detected using a photo-
detector to monitor its coupling status, whereas the near-IR signal
light is filtered by a monochromator with a resolution of 1 nm and
is probed via a photomultiplier tube (PMT) with a response in the
950–1700 nm band. The signal is also modulated by an optical
chopper with a frequency of 10 kHz and is processed by a lock-in
amplifier to increase the signal-to-noise ratio. It is unnecessary to
consider the coupling and detection for the idler light, as our

FIG. 1. Conceptual illustration of spectros-
copy without mid-infrared photons. (a)
Schematic diagram of the device: a
tapered fiber is coupled to a microcavity
with quadratic nonlinearity. Left inset: the
energy level diagram of the SPDC pro-
cess. Right inset: the top view of the
microcavity. (b) The mid-IR idler (yellow)
and near-IR signal (red) photon pairs are
generated through SPDC when pumped
by a 780 nm laser (blue), and the idler
wavelength can be adjusted to align with
the absorption region (�2.7 lm) of CO2

gas, which is interacting with the idler eva-
nescent field around the microcavity.
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method enables gas sensing/spectroscopy without the measure-
ment of mid-IR photons.

The center pump wavelength is tuned to 779.94 nm, correspond-
ing to a high Q (�107) mode of our cavity. However, LiNbO3 is sus-
ceptible to a strong photorefractive (PR) effect. This effect typically
features a long response time, which challenges stable laser locking to
the WGM resonance and, thus, jeopardizes long-term stability and
measurement reliability. Although ultraviolet (UV) irradiation has
been reported55 to mitigate the PR effect and facilitate rapid laser-
cavity locking, this method is only effective under moderate PR condi-
tions. In our experiment, the combined effect of the microcavity’s
high-quality (Q) factor and the relatively high pump power induces a
pronounced PR effect, making UV-based compensation inadequate.
To circumvent this issue, we instead modulate the laser frequency with
a 0.5Hz triangular wave to scan across the pump resonance. The trans-
mission spectrum of the pump wave and the signal photon counts
with a center wavelength of 1096.5 nm are depicted in the inset of
Fig. 2(b). The observed linewidth broadening can be attributed to pho-
torefraction. Figure 2(b) illustrates the SPDC spectrum presented by
the signal light side in different channels ranging from 1076 to
1106 nm under a pump power of 10.18mW. The data are obtained by
fixing the pump power and recording the peak signal intensity when
tuning the center wavelength of the monochromator with 1 nm

resolution. Meanwhile, the signal photon in the 1096.5 nm channel is
measured at different pump powers, which is demonstrated in
Fig. 2(c). A linear dependence of the signal photon generation rate on
the pump power can be observed from the result, from which we
can verify the spontaneous regime of the parametric process. The
result indicates that the photon pairs have ultra-broadband and dense
spectral distribution, which paves the way for mid-IR gas sensing/
spectroscopy.

C. Mid-IR sensing without mid-IR photons for CO2

To demonstrate the feasibility of our gas spectroscopy system, we
place the microcavity inside a gas chamber, as illustrated in Fig. 3(a),
to demonstrate its capability of gas sensing. The pump wavelength,
power, and scanning speed are kept consistent with those shown in
Fig. 2(b). The inset shows the envelope of the CO2 absorption spec-
trum, which is demonstrated through the transmission spectrum
R1=R0 of signal light across a broad bandwidth. R1 and R0 denote the
signal photon generation rate with and without the target gas sample,
respectively. The realization of gas spectroscopy will be further dis-
cussed later. In this context, “on resonance” denotes a scenario where
the corresponding idler wavelength of the chosen signal coincides with
a strong CO2 absorption peak, in contrast to “off resonance,” where

FIG. 2. Experimental observation of optical parametric oscillation and spontaneous downconversion. (a) The recorded comb-like spectrum of the ultra-broadband nondegener-
ate OPO is shown when the pump power is above the threshold. (b) SPDC spectrum presented by the signal light side from 1076 to 1106 nm with a resolution of 1 nm. Inset:
the transmission spectrum of the pump and the signal light. (c) Power dependence of photon generation rate in a wide input pump power range.
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the idler wavelength is detuned from any CO2 absorption features.
Initially, we investigate the off resonance scenario where the idler
light wavelength is far from the CO2 absorption region, as shown
in Figs. 3(b) and 3(c). By tuning the monochromator to filter signal
photons centered at 1150nm (corresponding to an idler wavelength
around 2420nm), which is a spectral range with negligible CO2

absorption, we measure the transmission spectrum of pump and signal
light without any input gas [Fig. 3(b)]. Subsequently, pure CO2 gas
flow is introduced into the chamber, and its effect on signal photon
generation rate is evaluated [Fig. 3(c)]. Remarkably, under this non-
absorption condition, no variation in signal photon generation rate
occurs, thus excluding potential interference factors such as refraction
or temperature changes induced by gas flow.

Next, the signal photons with a center wavelength of 1096.5 nm
are filtered for detection. The corresponding idler wavelength is about
2701.6nm, which coincides with the cluster of strong absorption peaks
of CO2. Figures 3(d)–3(f) depict the transmission spectrum under dif-
ferent gas environments at room temperature and atmospheric pres-
sure: air, pure CO2, and N2, respectively. It is observed that
the generation rate of signal photons diminishes in the presence of
CO2, while no discernible variation is detected when surrounded by
N2 due to its negligible absorption characteristics. These findings

unequivocally demonstrate that any alteration in signal photon counts
solely occurs if and only if gas molecules absorb idler photons, thereby
affirming both the feasibility and reliability of our system for sensing
CO2 gas. Compared with the previous works based on nonlinear inter-
ferometers,19,23–28 which need two SPDC processes and careful align-
ment, our method uses only one SPDC process, greatly simplifying
measurements. Meanwhile, we use an on-chip microcavity as the
device, and the setup is fairly simple, bringing advantages in terms of
compactness, stability control, and practical implementation.

Notably, a slight fluctuation of the peak intensity is observed in
the signal transmission spectra, probably attributed to the system
instability or the mode shift caused by photorefraction. To mitigate the
influence of such fluctuations, we measure the photon generation rate
over an extended time duration of 500 s and perform curve fitting.
Figure 4(a) illustrates the signal photon generation rate, which con-
tains 250 scanning periods. The inset shows CO2 spectroscopy near
2701.6 nm obtained from the transmission of signal light, which will
be discussed in detail in Sec. IID. The signal photons with a center
wavelength of 1096.5 nm are filtered for detection, which is marked in
the inset, and the corresponding idler wavelength coincides with the
absorption peak of CO2 at 2701.6 nm. The chamber is initially filled
with air before the release of the CO2/N2 gas mixture [100% CO2 at

FIG. 3. Quantum gas spectroscopy through SPDC. (a) Schematics of the experimental setup. The gas is injected into a gas cell with an internal microcavity. CO2 absorption
spectrum derived from the broadband transmission measurement of the signal light. On resonance and off resonance indicate whether the idler light wavelength aligns with or
is detuned from a CO2 absorption peak, respectively. (b) and (c) The signal light generation rate when the corresponding idler wavelength is away from the CO2 absorption
region [off resonance marked in (a)], and the transmission of the pump. (d)–(f) The signal spectrum for three types of gas: air, pure CO2, and pure N2 when the idler wavelength
is coincident with CO2 absorption near 2.7 lm [on-resonance marked in (a)]. The signal intensity remains invariant under the off resonance situation, only attenuated by the
pure CO2.
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atmospheric pressure in Fig. 4(a)]. Afterward, the gas inlet is closed
again. The gray curves represent the signal transmission spectrum,
with its peak intensity during each pump scanning period indicated by
blue dots, and the red curve is the fitting plot. The signal photon gener-
ation rate decreases upon the introduction of the gas flow and returns
to its initial value after closing the inlet. The absorbance of the gas sam-
ple could be derived mathematically once we know the decrement in
the signal intensity.

Figure 4(b) illustrates the output signal photon rate measured at
different CO2 concentrations. The data are obtained using the same
method mentioned earlier. For 100% CO2, the variation in the photon
generation rate is DR=R0 � 14:9%, where DR represents the decrement
of the photon rate when the gas sample is released into the chamber.
Detecting lower concentrations remains challenging, as the minute var-
iations in photon rate are obscured by signal fluctuations arising from
system jitter. The detection limit of our method is approximately 2%,
primarily constrained by the quality factors of both the signal and idler
modes as well as the evanescent field ratio of the idler mode. The qual-
ity factor could be enhanced by an order of magnitude over our current
sample through fabrication process improvements. Meanwhile, the

limited evanescent field ratio can be mitigated by modifying the
mode field distribution, achievable through the use of thinner lithium
niobate films or by polishing the edges to form smaller wedge angles.
Furthermore, optimizing the optical setup to improve stability and min-
imize system jitter would reduce signal fluctuations and enhance the
signal-to-noise ratio. The DR=R0 is plotted as a function of CO2 con-
centration in Fig. 4(c). The experimental result shows a good agreement
with the theoretical prediction (see the supplementary material). Our
method is convenient and cost-effective by using a compact system free
of a mid-IR source and detector. The measurement can be completed
without a mid-IR source or detector in that we can derive the gas con-
centration directly from DR=R0 of the near-IR signal photons.

D. CO2 spectroscopy without mid-IR photons

Our method has shown satisfactory performance and unique
advantages in mid-IR sensing. However, gas spectroscopy, which can
reveal specific and detailed spectral information, is also highly desired
for both scientific research and industrial applications. Due to the lim-
ited resolution of our monochromator, it is impossible to resolve every
single absorption peak in our experiment. However, the envelope of

FIG. 4. Gas sensing without mid-IR photons under various CO2 concentrations. (a) Signal photon generation rate measured over an extended time duration. The gray curves
represent the signal transmission spectrum, while the peak intensities during each scan are marked by blue dots. The pink region is when the gas mixture is injected into the
cell. Inset: CO2 spectroscopy near 2701.6 nm obtained from the transmission of signal light. (b) The signal photon generation rate is measured under different CO2 concentra-
tions. (c) Variations in the photon generation rate as a function of CO2 concentration. The experiment exhibits a good agreement with the theoretical curve (red). Inset: the sche-
matic diagram for the CO2 molecule and the energy level diagram of the SPDC process. The pump photon is converted into a signal photon at 1054.1 nm and an idler photon
at 2998.9 nm, which is aligned with the absorption peak of CO2.
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CO2 absorption spectra can be obtained. Some of the spectroscopic
information of CO2 has already been demonstrated in Figs. 3 and 4.
The experimental setup is illustrated in Fig. 5(a). We tune the center
wavelength of the monochromator step by step from 1076 to 1106 nm
with a resolution of 1 nm and measure the absorption strength DR=R0

for 100% CO2 at each step using the same method as mentioned
before. The experimental result demonstrated in Fig. 5(c) outlines the
envelope of the cluster of CO2 absorption bands near 2.7lm, which
matches well with the absorption spectrum retrieved from the
HITRAN databases.56 If the resolution of the monochromator is high
enough, it is possible for us to achieve detailed spectroscopic informa-
tion by scanning one SPDC peak across the absorption lines through
temperature tuning of the cavity.

E. Mid-IR sensing without mid-IR photons for NH3

Notably, our method exhibits broad applicability for detecting
any gas exhibiting strong mid-infrared absorption. This represents a
significant breakthrough, as conventional mid-infrared gas detection
techniques typically require distinct light sources for different target
gases due to significant variations in their absorption wavelengths, pre-
venting a single apparatus from accommodating multiple analytes. In
contrast, our approach eliminates the need for source replacement.
Detection across different gases is achieved using the same system
merely by selecting appropriate signal light wavelengths. This signifi-
cantly enhances operational accessibility and system versatility.

To demonstrate its applicability to the detection of various
gases, in addition to the carbon dioxide results presented earlier, we

experimentally demonstrated the detection of ammonia concentration.
We change the center wavelength of the monochromator to
1053.9nm to choose another signal photon for detection. The corre-
sponding idler wavelength is about 2998.9nm, which is aligned with
the absorption peak of NH3. As shown in Fig. 6(a), the photon gener-
ation rate is monitored over an extended duration. The chamber is ini-
tially purged with N2, followed by the introduction of an NH3/N2 gas
mixture and subsequently purged again with N2. The inset shows the
NH3 absorption spectrum near 2998.9 nm. Figure 6(b) demonstrates
the signal photon rates measured at varying NH3 concentrations. Gas
concentrations are derived directly from DR=R0 using the established
methodology, as is shown in Fig. 6(c). This experimental procedure
and resultant data are analogous to the CO2 case, confirming the sys-
tem’s capability for multi-gas molecular detection. Furthermore, our
method enables simultaneous detection of multiple distinct gases
within a single experiment, provided their absorption wavelengths dif-
fer. For instance, differing mid-infrared absorption wavelengths of
CO2 and NH3 allow their respective concentrations to be determined
concurrently. This can be achieved by simultaneously measuring the
signal photon counts at their corresponding wavelengths, without
requiring system reconfiguration or source adjustment, thereby offer-
ing a highly efficient and streamlined approach.

III. CONCLUSION

In summary, we have successfully demonstrated a microcavity-
based quantum gas sensor capable of mid-IR gas spectroscopy without
the need for mid-IR photons, utilizing quantum correlation in SPDC.

FIG. 5. CO2 spectroscopy without mid-IR photons. (a) Schematics of the experimental setup. The signal photons are filtered via a monochromator and detected by the PMT.
(b) CO2 absorption spectrum near 2.7 lm retrieved from the HITRAN databases.56 (c) DR=R0 obtained at 100% CO2 concentration. The data are measured sequentially from
1076 to 1106 nm with a resolution of 1 nm.
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Our approach eliminates the requirement for mid-IR optical compo-
nents and does not necessarily involve the generation or detection of
mid-IR photons throughout the process, as the gas concentration can be
directly inferred from the near-IR signal photon generation rate.
Compared to previous studies,22,26 our scheme employs a single SPDC
process and an on-chip microcavity, offering significant advantages in
terms of compactness, cost-effectiveness, and operational convenience.
Meanwhile, detection across different gases can be achieved using the
same system without the need for source replacement merely by select-
ing different signal photon wavelengths, which significantly enhances
operational accessibility and system versatility. Furthermore, by carefully
analyzing the spectrum of near-IR idler photons, we can obtain informa-
tion about the envelope of the CO2 absorption spectrum, highlighting its
promising potential for mid-IR spectroscopy. These findings present an
economical and compact on-chip approach to quantum gas sensing/
spectroscopy that paves the way for various applications ranging from
environmental monitoring/safety to agriculture and medical healthcare.

IV. MATERIALS AND METHODS
A. Optical parametric oscillation and spontaneous
downconversion

Our experimental platform is based on a thin-film lithium nio-
bate microdisk resonant cavity, whose diameter is approximately
1mm and thickness is about 3lm. A narrow linewidth laser

(CTL, Toptica Photonics) operating at 1560 nm is utilized as the seed
for the second harmonic generator (VENUS, Connet Laser
Technology Co., LTD), which incorporates a PPLN crystal to generate
light around 780nm. The coupling of this 780 nm pump light into the
microcavity is achieved through a tapered fiber, with precise control
over the coupling status accomplished by adjusting the gap between
the microcavity and fiber using a 3-axis nano-translation stage
(MDT630B, Thorlabs). The pump wavelength is set to scan around
779.94 nm using a 0.5Hz triangular wave, which launches a WGM
with a quality factor as high as 107. For OPOmeasurement, a spectrum
analyzer (Agilent, E4440A) is connected to the other side of the
tapered fiber to observe the out-coupled spectrum. For SPDC, the out-
coupled light is divided through a 780/1064 wavelength division multi-
plexer (WDM). The transmission spectrum of the 780 nm pump light
is monitored using a Si-based photodetector (DET10A/M, Thorlabs),
whereas the near-IR signal light in the 1064nm channel is filtered by a
hand-made monochromator consisting of a grating (GR25-0610,
Thorlabs), whose resolution is approximately 1 nm. The filtered pho-
tons are probed via a photomultiplier tube (PMT) with a response in
the 950–1700 nm band (H10330A-75, Hamamatsu). The signal is also
modulated by an optical chopper (SYSU scientific instruments) with a
frequency of 10 kHz and is processed by a lock-in amplifier (SR865A,
Stanford Research Systems) to increase the signal-to-noise ratio,
detecting the weak signal embedded in high background noise.

FIG. 6. Gas sensing without mid-IR photons for NH3 with different concentrations. (a) Signal photon generation rate measured over an extended time duration via the same
method as in Fig. 4. The blue region is when the NH3/N2 gas mixture is injected into the cell. Inset: NH3 spectroscopy near 2998.9 nm obtained from the transmission of signal
light. (b) The signal photon generation rate is measured under different NH3 concentrations. (c) Variations in the photon generation rate as a function of concentration. Inset:
the schematic diagram for the NH3 molecule and the energy level diagram of the SPDC process. The pump photon is converted into a signal photon at 1053.9 nm and an idler
photon at 2998.9 nm, which is aligned with the absorption peak of NH3.
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B. Gas sensing and spectroscopy

In the sensing process, we tune the monochromator to filter sig-
nal photons centered at 1096.5nm, which corresponds to an idler
wavelength around 2420nm. The CO2 has strong absorption resonan-
ces in this region. We measure the signal transmission spectra under
different gas environments at room temperature and atmospheric
pressure and compare their signal photon generation rate. We also
change the concentration of CO2 in the gas mixture and repeat the
experiment to investigate its impact on the signal photon generation
rate. The spectroscopy experiment is done by repeating this procedure
when changing the center wavelength of the monochromator step by
step from 1076 to 1106 nm with a resolution of 1 nm and recording
the DR=R0.

C. Sample fabrication

The microdisk utilized in our experiment possesses a diameter of
approximately 1mm and a thickness of about 3lm, exhibiting an
exceptional quality factor reaching 107. This microcavity is fabricated
on a lithium niobate on insulator (LNOI) chip through the utilization
of photolithography-assisted chemo-mechanical etching (PLACE).
Initially, a protective layer composed of chromium with a thickness of
around 600nm is deposited onto the surface of the meticulously
cleaned lithium niobate film for polishing purpose. Subsequently, pho-
tolithography technology combined with wet etching techniques is
employed to achieve desired patterns within the chromium layer situ-
ated atop the lithium niobate film. Following this step, chemical
mechanical polishing (CMP) is performed to polish the sample, result-
ing in the formation of a smooth-walled microdisk structure. The final
stages involve removing the chromium layer from the lithium niobate
microdisk using wet etching and transforming the underlying silicon
dioxide into pillar structures via hydrofluoric acid etching. Ultimately,
we successfully obtain a suspended lithium niobate on insulator
(LNOI) microdisk structure.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional information about
the experimental methods and a detailed discussion of the numerical
simulations.
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