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Abstract. Miniaturized laser spectroscopy capable of in situ and real-time ppb-level trace gas sensing is
of fundamental importance for numerous applications, including environment monitoring, industry process
control, and biomedical diagnosis. Benchtop laser spectroscopy systems based on direct absorption,
photoacoustic, and Raman effects exhibit high sensitivity but face challenges for in situ and real-time gas
sensing due to their bulky size, slow response, and offline sampling. We demonstrate a microscale high-
performance all-fiber photoacoustic spectrometer integrating the key components, i.e., the photoacoustic gas
cell and the optical microphone, into a single optical fiber tip with a diameter of 125 μm. Without a long optical
path to enhance the light–gas interaction, the fiber-tip gas cell with acoustic-hard boundary tightly confines
and amplifies the local photoacoustic wave, compensating for the sensitivity loss during miniaturization.
This localized acoustic wave is demodulated by high-sensitivity fiber-optic interferometry, enabling a ∼9 ppb
detection limit for acetylene gas approaching the benchtop system. The microscale fiber spectrometer also
exhibits a short response time of ∼18 ms and a subnanoliter sample volume, not only suitable for routine real-
time in situ trace gas measurement but also inspiring new applications such as two-dimensional gas flow
concentration mapping and in vivo intravascular blood gas monitoring as showcased.
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1 Introduction
Miniaturized spectroscopy has been a burgeoning analytical
technique allowing on-site analysis of diverse chemical compo-
sitions, moving the purely laboratory-limited test to broad sce-
narios ranging from the deep ocean to far-reach aerospace.1–3

The recently emerging fields such as lithium battery health as-
sessment in new energy automobiles and intravascular diagnosis
in biomedicine require minimal invasion and small sampling

volume, also motivating the development of miniaturized spec-
troscopy. For gas phase analysis in chemical, atmospheric, and
biomedical science, the ideal miniaturized spectroscopy is ex-
pected to possess high sensitivity, fast response, small footprint,
and little or no gas consumption. Over the past decades, laser
spectroscopy techniques such as cavity ring-down spectroscopy
(CRDS), Raman spectroscopy, direct absorption spectroscopy
(DAS), and photothermal spectroscopy have drawn great inter-
est for trace gas detection because of their high sensitivity, no
gas consumption, continuous monitoring, and long lifetime.4–7

These techniques can deliver ultralow detection limit down to
parts per billion (ppb) to parts per trillion (ppt) level, or equiv-
alently, an analyte absorption coefficient of less than 10−9 cm−1,
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while they are commonly embodied in benchtop laboratory spec-
troscopy systems characterized by bulky optical components,
highly reflective mirrors, and long path lengths. To remove
the bulky free-space optics and open-path gas cell, hollow-core
bandgap or antiresonant fibers with an air core size of several to
tens of micrometers are utilized to tightly confine both the gas
molecules and the pump light.8–10 However, a long piece of
optical fiber, typically tens of centimeters, is necessary to accu-
mulate sufficient light phase change in the fiber for ppb-level
gas sensing. In addition, the gas diffusion through the small-core
fiber over a long distance is time-consuming if no external pres-
sure is applied to the fiber opening, thus hindering the in situ
and real-time applications. On-chip spectroscopy is an alterna-
tive solution to reduce the device form factor and can be poten-
tially integrated as arrays for parallel analysis of multiple gas
species.11–14 However, simple downscaling of the spectroscopy
components to the chip scale inevitably weakens the light–
matter interaction caused by the short waveguide and limits
the performance to parts per million (ppm) level. As these pure
optical techniques rely on the detection of the accumulated light
intensity or phase change induced by the gas absorption, either
highly reflective mirrors or long gas cells are indispensable to
increase the optical path for high performance.

Photoacoustic spectroscopy (PAS) measuring acoustic waves
emitted from gas molecules excited by modulated or pulsed
light arguably holds the potential to pursue extremely compact
gas sensors, considering its path length-independent sensitivity.15

The PAS systems based on electrical microphones such as the
piezoelectric crystal, MEMS transducer, and quartz tuning fork
can achieve ppb-level gas detection limit.16–19 Due to the rela-
tively low sensitivity of the microphone, resonant gas cells with
dimensions close to the acoustic wavelengths are integrated to
amplify the acoustic signals, which greatly increases the size of
the current PAS systems. Recently, electrical microphones have
been replaced by optical microphones based on the silicon can-
tilever and graphene diaphragm with a low acoustic detection
limit down to the micropascal level (μPa∕Hz1∕2).20–24 However,
these optical microphones still have a large size of several milli-
meters because their acoustic sensitivity severely degrades with
the size reduction of the cantilever or diaphragm and thereby are
routinely inserted into a bulky gas cell in the same configuration
as the electrical ones for gas sensing. This makes the current
PAS systems still deviate far from a real miniature footprint
and suffer a slow gas response, since the equilibrium of gas dif-
fusion in the large gas cell can take up to several minutes.25–27

Recently, patterning optical fiber facets with nanostructures has
drawn great interest because optical fibers offer a convenient
platform for the realization of miniature and flexible in-fiber
devices for narrow space and long-distance applications. Phase/
intensity modulation,28 plasmon–atom interaction,29 and in situ
SERS sensing30 have been realized on the fiber tip. Three-
dimensional (3D) direct laser writing has also been employed for
manufacturing miniature polymer or inorganic glass cavities on
the endface of a standard telecom fiber for organic vapor sensing.
By measuring the refractive index changes of the vapor/gas
trapped inside the cavity, only ppm-level ethanol vapor detection
can be achieved and the gas specificity is also a concern.31,32

Therefore, it remains a great challenge for laser spectroscopy to
develop a fully miniaturized spectrometer with microscale size,
high sensitivity, and fast response for in situ and real-time trace
gas sensing, especially for lithium battery health monitoring and
intravascular diagnosis desiring minimal invasiveness.

Here, we propose a microscale all-in-one fiber photoacoustic
spectrometer (FPAS) that detects the local acoustic waves emit-
ted from light-excited gas molecules inside the fiber tip Fabry–
Perot (F–P) cavity. The F–P cavity with a diameter of 125 μm
and a length of 60 μm serves as both the optical microphone and
the gas cell, shrinking the device footprint for over 2 orders of
magnitude compared with previous systems, and achieves a
ppb-level detection limit with no need for a bulky resonant
gas cell. To address the trade-off between the sensitivity and
footprint, a laser-patterned thin polymer membrane that exhibits
an acoustic sensitivity scaling down with the diameter a follow-
ing a dependence of a2 instead of a4 as that for the normal plate
is employed to build the fiber F–P microphone. Meanwhile,
a gas cell constructed with a rigid silica capillary is used to
confine and amplify the locally generated acoustic waves. This
local acoustic amplification compensates for the sensitivity loss
caused by the reduction in the membrane diameter and results in
a size-independent photoacoustic (PA) response. Both the pump
and probe light beams are directly delivered through the same
fiber for the excitation and detection of the PA signal, avoiding
bulky free-space optics for the light delivery. In combination
with the high-precision fiber-optic interferometry to demodulate
the membrane deflection of the microphone induced by the
PA waves, the microscale FPAS achieves a detection limit of
∼9 ppb for acetylene (C2H2) gas (averaging time of 200 s)
approaching that of the benchtop system. Besides the low de-
tection limit, the microscale FPAS exhibits a short response time
of ∼18 ms, a high spatial resolution of ∼160 μm, and a small
sample volume of sub-nanoliter, improving the spatial and tem-
poral resolutions by more than 2 to 3 orders of magnitude and
reducing the sample volume by 3 to 4 orders of magnitude. Two-
dimensional (2D) mapping of the concentration distribution in
the gas flow, monitoring of released carbon dioxide (CO2) from
living yeast cells, and in vivo recording of the dynamic dissolved
CO2 concentration in the rat tail vessel under the hypoxic or
hypercapnic condition are showcased.

2 Results

2.1 Theory of the Microscale FPAS

For the all-in-one FPAS as shown in Fig. 1(a), the gas molecules
diffuse into the silica capillary, absorb the pump light, and gen-
erate acoustic waves. The acoustic waves are tightly confined by
the rigid capillary wall that acts as a hard acoustic boundary
[inset of Fig. 1(a)] and exhibit a more than 1 order of magnitude
higher pressure level compared with the free-space spreading-
out PA waves. These locally amplified acoustic waves deform
the thin elastic membrane behaving as a mechanical oscillator at
the capillary opening. Because the membrane also serves as a
reflective mirror and forms an F–P cavity with the facet of the
single-mode fiber (SMF) tip, the acoustic-wave-induced mem-
brane deformation can be demodulated in high sensitivity with
a narrowband probe light based on the principle of fiber-optic
interferometry. The scheme of the PA wave excitation and
demodulation is shown in Fig. 1(b), where the wavelength of
the pump light is slowly scanned across the gas absorption line
and the intensity is modulated sinusoidally. These locally ex-
cited PAwaves after the amplification in the tiny cavity deform
the membrane and cause the spectral shift in the reflection spec-
trum of the F–P cavity. The spectral shift is converted to the
intensity change of the probe light and subsequently to electrical
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signals by a photodiode (PD). The fundamental (1f) or second-
harmonic (2f) signals are acquired using a lock-in amplifier to
retrieve the gas concentration.

The PA response of the FPAS to gas molecules can be de-
scribed by

S ¼ M · Ccell · P0 · α · Cþ Sb; (1)

whereM is the acoustic sensitivity depending on the membrane
mechanical behavior, Ccell is the constant of the gas cell
accounting for the PA wave generation and local amplification,
P0 is the pump power for the PA wave excitation, α is the ab-
sorption coefficient of the gas, C is the gas concentration, and
Sb is the background noise. The acoustic sensitivity M can be
derived from the mechanical deformation of the membrane
when subjected to unit acoustic pressure. For an elastic thin
diaphragm with a clamped periphery, the small out-of-plane
displacement uðr; tÞ of the diaphragm under a sinusoidal acous-
tic wave with the pressure amplitude p0 can be described by the
motion equation as33

�
hρ

∂2

∂t2 þD∇4 − hσ∇2

�
uðr; tÞ ¼ p0ejwt; (2)

where h is the diaphragm thickness, ρ is the diaphragm density,
σ is the residual stress, D is the flexural rigidity equal to
Eh3∕12ð1 − v2Þ, E is the Young’s modulus, v is the Poisson’s
ratio, and w is the angular frequency of the acoustic wave. If the
effect of residual stress dominates that from the flexural rigidity
D, the second term in the left hand of Eq. (2) can be ignored, and
the diaphragm is modeled as a membrane instead of a plate.
Then, solving Eq. (2) can obtain a simple analytic approxima-
tion for the displacement of an edge-clamped membrane as
uðr; tÞ ¼ p0ejwtða2 − r2Þ∕4hσ if the damping effect is negli-
gible. The displacement at the membrane center uð0; tÞ under
unit pressure, i.e., acoustic sensitivity, increases with the reduc-
tion in the thickness h and scales down with the diameter a
following a relationship of a2 instead of a4 as that for the
plate.34 Therefore, an elastic membrane with a nanoscale thick-
ness is selected to build the miniature fiber-optic F–P micro-
phone to achieve high acoustic sensitivity with a small form
factor. Here, the damping effects from both the air cavity and
the holey membrane are neglected to obtain a simple formula
for the acoustic sensitivity of the membrane. An equivalent
circuit using the lumped elements is adopted to study these
damping effects on the acoustic sensitivity of the membrane at
different frequencies in the next section.
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Fig. 1 (a) Schematic of the microscale fiber photoacoustic spectrometer (FPAS). Inset: opto-
acoustic-mechanical coupling inside the F–P cavity. The fiber end facet and the membrane
are two reflective mirrors, which form the F–P cavity with the silica capillary. The acoustic wave
generated during the relaxation of the excited gas molecules by the pump light is confined inside
the cavity. The localized acoustic waves drive the membrane to vibrate, which induces the
intensity change in the reflected probe light. (b) Signal demodulation scheme for the FPAS.
(c) Photograph and (d) microscopic image of the FPAS. (e) SEM image of the fiber end facet with
the membrane after the laser patterning. SMF, single mode fiber; PA, photoacoustic; 1f and 2f, the
first- and second-harmonic signals.
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The PAwave excited by the modulated pump light drives the
membrane to vibrate; the distribution of the PA wave pressure
inside the F–P cavity can be described by35

pðr; wÞ ¼
X
j

AjðwÞpjðrÞ; (3)

AjðwÞ ¼ − iw
w2
j

αðγ − 1Þ RRR p�
jðrÞIðr; wÞdV

Vc

�
1 − w2

w2
j
− iw∕ðwjQjÞ

� ; (4)

where pjðrÞ is the j’th normal mode of the cavity; AjðwÞ is the
amplitude of pjðrÞ; Qj and wj are the quality factor and the
angular frequency of the j’th normal mode, respectively; Iðr; wÞ
is the spatial distribution of the pump light intensity; γ is the
ratio of the specific heats; and Vc is the volume of the F–P cav-
ity. As the cavity has a radius much smaller than the acoustic
wavelength, it can be regarded as a non-resonant gas cell
(wj ≈ 0) featuring a uniform distribution of the pressure in
the cavity. By assuming that the pump light beam size is much
smaller than the cavity inner diameter and neglecting the light
diffraction along the axis, the full expression pðr; wÞ can then be
simplified as36

pðr; wÞ ∝ αP0

ðγ − 1ÞL
Vc

τ1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðwτ1Þ2

p wτ2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðwτ2Þ2

p ; (5)

τ1 ¼
R2

5.78DT
τ2 ¼

4
ffiffiffi
γ

p
Vc

3Agv
; (6)

where L is the length of the cavity, τ1 is the thermal damping
time of the gas molecules in the cavity, τ2 is the time constant
accounting for the damping effect caused by the gas and heat
flows, R is the cavity radius equal to half of the membrane diam-
eter a, DT is the thermal diffusivity of the target gas, Ag is the
area of the holes, and ν is the sound velocity in the gas. For the
cylindrical cavity, the cavity volume Vc ¼ πR2L ¼ πa2L∕4.
Then, the simplified Eq. (5) suggests that the PAwave pressure
pðr; wÞ is proportional to a−2. Considering the aforementioned

analytic approximation for the displacement of an edge-
clamped membrane, the acoustic sensitivity of the membrane
is proportional to a2. Then, the PA response of the FPAS is
actually independent of the cavity diameter, which facilitates
the miniaturization of the device without the expense of gas
sensitivity.

2.2 Acoustic Response

Figures 1(c) and 1(d) show the photograph and the microscopic
image of the fiber-tip structure of the FPAS. The silica capillary
has a bore diameter of 75 μm and an outer diameter compatible
with the SMF with a diameter of 125 μm. The opening of the
capillary is covered with a ∼200-nm-thick polymer membrane.
The F–P cavity formed by the SMF end facet and the membrane
functions as both the micro gas cell and the optical microphone.
The reflection spectra for the cavity with membranes of differ-
ent thicknesses show periodic fringes with a slowly varying
envelope (Supplementary Material Note 1). As the FPAS detects
photoacoustic waves based on the F–P interferometry, the re-
fractive index contrast between the gas and the cavity mirrors,
i.e., the fiber end facet and the membrane, can change the light
reflectivity of the mirror. Fortunately, even pure gas, such as
C2H2, can only change the air refractive index by less than
0.02% at room temperature and in the atmosphere, which is
negligible to the refractive index contrast between the gas and
the cavity mirrors with a refractive index of ∼1.45 for the fiber
endface and ∼1.52 for the membrane. Figure 1(e) shows the
scanning electron microscopy (SEM) image of the fiber tip after
the femtosecond (fs) laser patterning of the membrane with
holes. As the PA response of the FPAS is dependent on the
acoustic sensitivity M according to Eq. (1), a narrowband probe
light from a tunable laser is used to characterize the acoustic
sensitivity M by recording the intensity change of the reflected
light induced by the acoustic waves. The wavelength of the
probe light is tuned to the quadrature point of the FPAS reflec-
tion spectrum for maximum sensitivity. The FPAS exhibits a flat
acoustic response in the frequency range from 1 to 20 kHz,
as shown in Fig. 2(a). Further characterization of the high-
frequency response is hindered by the limited bandwidth of
the calibration microphone used. By measuring the noise floor,
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Fig. 2 (a) Measured response of the FPAS to acoustic waves from 1 to 20 kHz and calculated
frequency response based on the equivalent circuit using the lumped elements. The resonant
frequency is located at 520 kHz, as observed from the measured noise floor in the absence
of an applied acoustic wave. (b) NEP of the FPAS was measured at different frequencies from
1 to 20 kHz. Inset: frequency responses at 5, 10, and 15 kHz. At the frequency of 15 kHz, SNR is
estimated to be 54 dB for an acoustic pressure of 280 MPa.
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it is found that the thermal-mechanical noise is amplified by
the mechanical resonance of the membrane and peaks at the
frequency of 520 kHz. The measured results are fitted by the
calculated frequency response based on the equivalent circuit
using the lumped elements (Supplementary Material Note 2).
If the FPAS works at nonresonant frequency drift, its broad
bandwidth can alleviate the signal fading problem caused by
the resonant frequency drift existing for the tuning fork or
the cantilever-based PAS systems.37,38 During the test, no servo-
control of the probe light wavelength is needed to lock the
operation point of the FPAS at the quadrature point. The wave-
length shift of the FPAS is found to be less than 0.1 nm over a
duration of 3 h, ∼2% of the linear working range of the FPAS
(Supplementary Material Note 3). This spectral stability is a
result of the laser-patterned holes in the membrane. The holes
acting as a high-pass filter significantly reduce the static and
slow environmental pressure fluctuations. The noise equivalent
pressure (NEP) of the FPAS is characterized by the signal-to-
noise ratio (SNR) of the measured acoustic response, as shown
in Fig. 2(b). At the frequency of 15 kHz, an SNR of ∼54 dB for
an acoustic pressure of 280 mPa corresponds to an NEP of
∼80 μPa∕Hz1∕2 [inset of Fig. 2(b)]. This value is comparable
with the previous fiber-optic F–P acoustic sensor employing
a 6-mm-diameter diaphragm,39 thanks to the high compliance
of the nanometer-thick stretched membrane (Supplementary
Material Note 4).

2.3 Photoacoustic Gas Response

To verify the size-independent PA response, FPASs with different
F–P cavity diameters of 150, 75, and 25 μm are prepared and
characterized with the experimental setup shown in Fig. 3(a).
The second-harmonic (2f) component of the PA signal from
the C2H2 gas molecules is acquired based on the wavelength
modulation scheme (WMS). Pump light from a distributed feed-
back (DFB) laser at 1532.8 nm is slowly wavelength-scanned
across the C2H2 absorption line P(13) with absorbance α of
∼1.1 cm−1 by controlling the laser temperature. Simultaneously,
the laser wavelength is sinusoidally modulated by varying the
laser driving current. The gas molecular absorption spectrum of
the FPAS is obtained by recording the corresponding acoustic
signals that are converted into electrical signals by the micro-
phone during the wavelength scanning of the pump laser wave-
length. The power of the pump light for the PA gas measurement
is amplified by an erbium-doped optical fiber amplifier (EDFA)
from 10 to 50 mW. The measured PA responses from the FPASs
with different cavity diameters at a modulation frequency of
7 kHz are compared in Fig. 3(b), with the x axis standing
for the wavelength and the y axis for the 2f signal. The 2f signal
from the FPAS remains almost unchanged as the cavity diameter
reduces from 150 to 75 μm, even though the acoustic response
reduces ∼4 times (Supplementary Material Note 5). This size-
independent PA response as a result of the locally amplified

Fig. 3 (a) Schematic diagram of the experimental setup for photoacoustic gas sensing. The EDFA
amplified pump laser at 1532.8 nm and the probe light at 1550 nm are combined by the coupler
and delivered to the FPAS fiber tip. After filtering off the residual pump light, the probe light is
received by a PD. The signal from the PD is analyzed by the lock-in amplifier (LIA). The pump
light is wavelength-modulated by the laser controller. (b) Measured second-harmonic (2f) signals
for FPASs with different cavity diameters. Inset: pk-pk value of the 2f signal as a function of the
cavity diameter. Three samples are tested for each cavity diameter. (c) Relative pk-pk value of the
2f signal in the frequency range from 0.6 kHz to 1 MHz acquired from the experiment and the finite-
element simulation. Inset: simulated local photoacoustic waves confined in the cavity through the
simulation. (d) Pk-pk value of 2f signal for the pump light at different locations with a step size of
10 μm. Inset: schematic of the 2f signal excitation with the pump light inside and outside the cavity.
(e), (f) 2f signals for the pump light at locations as indicated by the dashed boxes in panel (d).
DAQ, data acquisition unit; SMF, single-mode fiber.
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acoustic pressure inside the cavity is in accordance with the pre-
vious theoretical prediction. As the cavity diameter further goes
down to 25 μm, however, the PA response reduces rapidly. This
is caused by the increased acoustic loss suffered by the cavity
with a smaller diameter because the cavity size is close to the
viscous and thermal boundary layer thickness (Supplementary
Material Note 6). Therefore, a silica capillary with a bore diam-
eter of 75 μm is selected for constructing the F–P cavity to opti-
mize the sensing performance of the FPAS.

The sinusoidal modulation frequency of the pump light
wavelength is tuned from 0.6 kHz to 1 MHz to determine the
frequency with the optimum SNR. The recorded peak-to-peak
(pk-pk) values of the 2f signals are plotted in Fig. 3(c). At the
frequency below 1 kHz, the signal amplitude reduces because
the holes in the membrane filter off the low-frequency PAwaves.
As the frequency increases, the PA signal amplitude gradually
decreases due to its inverse proportion to the modulation fre-
quency as wτ1, wτ2 ≫ 1. The peak at the frequency of 520 kHz
results from the mechanical resonance of the membrane. The
theoretical study of the locally generated PA waves as well as
the total PA response of the FPAS is performed (Supplementary
Material Note 6), showing good agreement with the measured
data, as shown in Fig. 3(c). As the signal amplitude reduces
slightly faster with the frequency than the noise level, the
SNR at the resonant frequency is found to be lower than that
at 14 kHz. Therefore, half the frequency, i.e., 7 kHz, is selected
as the optimal modulation frequency of the pump light.

Using the finite-element simulation (see Supplementary
Material Note 6), the spatial distribution of the locally generated
PA waves confined in the cavity is shown in the inset of
Fig. 3(c). To experimentally verify the PA signal amplification
by the microscale cavity, the pump light is delivered into the
cavity from the sidewall via a second SMF, instead of through
the FPAS fiber end facet. The pump light travels through the
transparent silica wall of the cavity and moves from the cavity
inside to the outside by translating the fiber with a step size of
10 μm. The PA signal amplitude is ∼20 times stronger when the
pump light passes through the cavity compared with the case
that the pump light leaves the cavity, as shown in Figs. 3(d)–
3(f). Once the pump beam moves outside the cavity, the ampli-
tude of the PA signal gradually decays with the distance between
the membrane and the pump light beam due to the spread of the
generated PA wave into the free space. The measured data for
the beam outside the cavity agree with the fitted curve denoting
an inverse proportion of the pressure amplitude to the distance
between the pump beam and the cavity. This local enhancement
of the PA signal by the silica cavity is critical to achieving a high
sensitivity for the FPAS with a microscale form factor.

2.4 NEC and Response Time

The pk-pk value of the 2f signal from the FPAS linearly in-
creases with the pump power from 10 to 50 mW, and the noise
floor remains nearly unchanged, as shown in Fig. 4(a), thanks to
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Fig. 4 (a) Dependence of the second-harmonic (2f) signal and the noise floor on the pump power.
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the transparency of the membrane to the pump light. This allows
the delivery of the pump light together with the probe light
through the same fiber in the FPAS instead of using two separate
fibers to reduce the background signal caused by the pump light
absorption. Further increase of the pump power is found to be
accompanied by the raised background signal caused by the
membrane absorption, which hinders the further improvement
of the SNR. By continuously monitoring the FPAS output for
2 h when the pump light wavelength is tuned away from the
gas absorption line, the noise equivalent concentration (NEC)
of the FPAS after performing the Allan deviation analysis is
∼9 ppb at the pump power of ∼50 mW at an averaging time
of 200 s (Supplementary Material Note 7). The 2f signals for
the C2H2 gas with different concentrations are also recorded.
As shown in Fig. 4(b), the FPAS exhibits a linear response
up to the gas concentration of 5%, corresponding to a dynamic
range of ∼5 × 106 (Supplementary Material Note 8). For the
C2H2 gas with a concentration of 250 ppm, the NEC of the
FPAS can be estimated to be ∼61.2 ppb based on the measured
pk-pk value of the 2f signal and the noise floor, as shown in
Fig. 4(c). To avoid the influence of the pump laser power
and the gas species such as the C2H2 and CO2 featuring absorp-
tion lines of different wavelengths and intensities on the
evaluation of the system performance, the normalized noise
equivalent absorption coefficient (NNEA) is calculated by
normalizing the NEC with the gas absorption coefficient α,
the pump laser power P0, and the detection bandwidth Δf.
For the FPAS with an NEC of ∼61.2 ppb for C2H2 gas and
the lock-in amplifier bandwidth of 0.3 Hz, the corresponding
NNEA is ∼6.1 × 10−9 cm−1 WHz−1∕2. To study the temporal
response of the FPAS, we continuously monitor the peak value
of the 2f signal while quickly cutting off the C2H2 gas flow. The
response time as estimated from the temporal response of the
FPAS in Fig. 4(d) is ∼18 ms, about 2 to 3 orders of magnitude
shorter than that of the previous PAS systems, due to the

significantly reduced cavity length. The measured response time
is still longer than the theoretical diffusion time (∼1.8 ms) for a
cavity length of 60 μm (Supplementary Material Note 9), which
is mainly caused by the switching speed of the gas flow in the test.

2.5 Mapping of Gas Flow and in situ Monitoring
of Fermentation Process

To verify the fast response and high spatial resolution of the
FPAS, 2D mapping of the concentration distribution in the
CO2 gas flow by scanning the fiber tip with the translation stage
is performed, as shown in Fig. 5(a). The pump laser at the wave-
length of 1578.67 nm is used here for the CO2 measurement. As
shown in Fig. 5(b), the diffusion process of the gas flow can be
clearly observed. By increasing the flow rate to form a sharp gas
boundary between the gas and the surrounding air, the spatial
resolution can be estimated to be ∼160 μm from the edge spread
function (ESF) and the corresponding point spread function
(PSF), as plotted in Fig. 5(c). The resolution is larger than
the FPAS cavity diameter, which may be attributed to the gas
diffusion at the boundary of the gas flow.

2.6 In situ Monitoring of Fermentation Process
in Yeast Solution

The FPAS is further employed to monitor the fermentation pro-
cess in the glucose-mixed yeast solution, as shown in Fig. 5(d).
A test tube and a glass capillary are used to mimic the mini-
bioreactors, as shown in Figs. 5(e) and 5(f). The temporal varia-
tion of the CO2 gas concentration during the fermentation is
shown in Fig. 5(g). When the dissolved CO2 is released from
the solution into the air, part of the CO2 gas forms bubbles that
keep growing in the solution. Once the bubbles break, the CO2

gas concentration suddenly increases, as indicated by the peak in
Fig. 5(g). By sampling the solution with the glass capillary as

Fig. 5 (a) Schematic of 2D mapping of the CO2 gas flow. (b) Image of the concentration distri-
bution of the gas flow. (c) Spatial resolution of the FPAS as estimated from the edge-spread func-
tion (ESF) and the point spread function (PSF) curves. (d) Schematic of the procedure to monitor
the fermentation process of the yeast solution. Photograph of the yeast solution in (e) a test tube
and (f) a glass capillary. (g) Temporal variation of the CO2 concentration. The dashed line is the
smooth curve with a window of 30 points to clearly show the concentration evolution. Inset: Peak
value of the 2f signal for the CO2 released from ∼100 nL yeast solution. Exp., experimental.
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shown in Fig. 5(f), the FPAS with an equivalent gas cell volume
of∼260 pL is capable of detecting the fermentation solution with
a volume down to ∼100 nL, as shown in the inset of Fig. 5(g).

2.7 In vivo Intravascular Dissolved Gas Monitoring

As the absorption line of the CO2 at the middle-infrared band is
approximately 2 orders of magnitude stronger than that at the
near-infrared wavelength of 1578 nm according to the HITRAN
database,40 a thulium-doped fiber laser with the operation wave-
length at 2006 nm is home-built (Supplementary Material Note

10) to demonstrate the capability of the FPAS to work with
mid-infrared laser sources. To also showcase the potential for
in situ dissolved gas monitoring in an extremely narrow space,
instead of just the gas-phase measurement, the FPAS after being
encapsulated into a permeable polymer tube is demonstrated for
dissolved CO2 monitoring in the rat blood vessel, as shown in
Fig. 6(a). Before the animal test, the performance of the FPAS
for the dissolved CO2 measurement is studied by inserting the
FPAS into the distilled water saturated with the CO2 gas of
different concentrations from 1% to 5%. A good linear response
is observed in Fig. 6(b). The temporary response of the FPAS to
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syringe needle. (b) Peak value of the 2f signal from the FPAS versus the concentration of the
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concentration (CCO2), as a function of the mean value measured by the blood gas analyzer (BGA)
and the FPAS. (e) Histogram of theCCO2 values measured by the BGA and the FPAS for seven rat
tail blood samples. Real-time in vivo monitoring of the rat intravascular CCO2 in (f) the hypoxia
conditions (5% and 10% O2) and (g) the hypercapnic conditions (5% and 10% CO2). The mea-
sured data are smoothed with a window of 30 points to show the dynamic concentration change
more clearly.
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5% dissolved CO2 is also measured, as shown in Fig. 6(c). The
response time, defined as the rising time for the signal from 10%
to 90% of its maximum, is ∼168 s. The longer response time
compared with that in the air is caused by the permeation time
of the dissolved gas into the polymer tube. The NEC for the
dissolved CO2 gas using a laser power of ∼10 mW is estimated
to be ∼187.5 ppm (1σ noise: ∼20.6 μV). The FPAS is sub-
sequently pulled out from the water. After the CO2 gas fully
diffuses out from the tube into the ambient air, the FPAS is
inserted into the blood sample drawn from a rat tail vein. The
FPAS shows a similar response time in the blood sample com-
pared with the CO2-dissolved water. The CO2 concentration in
the blood of the rat tail vein as estimated based on the result for
the 5% CO2-dissolved water is ∼5.5%.

Blood samples from the tail veins of seven rats are acquired
to test the dissolved CO2 by the blood gas analyzer (BGA) and
the FPAS in vitro. To compare the results from two different
measurement techniques, a statistical method for assessing the
data using bias and precision is adopted, as Bland and Altman41

have shown. As shown in Fig. 6(d), the measured CO2 concen-
tration (CCO2) from the BGA and the FPAS is represented by
plotting the bias, or difference of the paired data, as a function
of the mean value obtained from the two different methods. The
mean bias is commonly claimed as the systematic error that
causes consistent over/underestimation of the CCO2 compared
with the true value, which can be corrected by recalibrating
the device. The standard deviation (SD) of the bias represents
the random error of the device. After correcting the means bias,
the measured CCO2 values in the blood samples by the two meth-
ods are compared in Fig. 6(e) and show good agreement, with
a difference of less than 1%.

For in vivo monitoring of the CCO2 in the rat tail vein, the
encapsulated FPAS under the assistance of a syringe needle
is inserted into the rat vein (Supplementary Material Note
11). The peak values of the 2f signals are continuously recorded,
and the signal amplitude continues to increase during the diffu-
sion process of the dissolved CO2 gas from the blood into the
tube. By cyclically switching the air to a gas mixture with the
reduced oxygen (O2) to mimic the hypoxia condition, the con-
centration of the dissolved CO2 in the blood of the rat reduces
accordingly, as shown in Fig. 6(f). In the first cycle, a gas
mixture of 10% O2 and 90% nitrogen (N2) is applied and the
dissolved CO2 concentration measured by the FPAS gradually
reduces. In the second and third cycles, a gas mixture of 5% O2

and 95% N2 corresponding to a more intensive hypoxia condi-
tion results in a larger reduction in the dissolved CO2 concen-
tration. We further test the rat under the hypercapnic condition
by cyclically applying gas mixtures with a CO2 concentration
higher than that in the air. As shown in Fig. 6(g), the dissolved
CO2 concentration also varies under the different hypercapnic
conditions, and the rise of the dissolved CO2 concentration is
larger for the gas mixture with 10% CO2 than that with 5%
CO2. In addition to the CO2, O2 is another important gas for
clinic blood gas analysis. Based on the absorption coefficient
(∼0.0013 cm−1) near the wavelength of 760 nm fromHITRAN,40

the corresponding detection limit of O2 for a 10 mW pump
power can be predicted to be ∼250 ppm based on the measured
result for the C2H2. Therefore, by integrating with a 760.8-nm
semiconductor laser, the FPAS can serve as a promising strategy
for in vivo continuous blood gas monitoring, avoiding the need
for frequent blood sampling in applications such as early diag-
nosis of septic shock and monitoring of myocardial infarction
and stroke.

3 Discussion
The performance of recently reported compact PAS systems
based on different types of microphones is compared in terms
of the system size, NEC, NNEA, and response time in Table 1.
In general, the FPAS without the need for additional resonant
gas cell exhibits a comparable NNEA on the level of
10−9 cm−1 WHz−1∕2 with the large-sized or benchtop PAS
systems and has a microscale footprint featuring more than
3 orders of magnitude smaller sampling volume and shorter
response time.

In addition to the above PAS system, surface-enhanced
spectroscopies, including surface-enhanced Raman scattering
(SERS) and surface-enhanced infrared absorption spectroscopy
(SEIRAS), have achieved a low detection limit down to the ppb
level and even single molecule as a result of the electrical field
enhanced by the several orders of magnitude.47,48 Although
previous fiber-tip SERS has been mostly used in aqueous envi-
ronments for biological cells or molecule detection, few works
have been reported for trace gas sensing, according to the best of
our knowledge. The possible reason is the low density of gases
and the high surface selectivity of the SERS or SEIRAS, which
causes very few gas molecules per unit volume in the vicinity of
the spatially localized electric field for detection. This also in-
creases the response time, which is largely determined by the

Table 1 Performance comparison with small-footprint PAS systems.

Microphone type Wavelength (nm)
Dimension

(mm ×mm ×mm)
Integration
time (s)

NEC
(ppb)

NNEA
(cm−1 WHz−1∕2)

Response
time (s)

MEMS 45042 120 × 65 × 35 1 0.86 2.0 × 10−8 Not stated

Tuning fork 1531.5943 21 × 12.7 × 8.5 0.1 84 4.1 × 10−9 Not stated

Optical
cantilever

1530.3723 1.6 × 3 × 7 0.3 550 2.5 × 10−7a ∼100
1532.8344 >5 (diameter) 1 20 2.3 × 10−9 11.2

1530.3745 2.4 × 2.4 × 14 1 24.7 1.3 × 10−9 30

Fabry-Perot
cavity

1531.5939 6 (diameter) 1 0.87 2.9 × 10−9a Not stated

1530.3746 2.75 × 2.75 × 3 10 4300 4.4 × 10−7a Not stated

1532.83 (this work) 0.125 × 0.125 × 0.06 1 61.2 6.1 × 10−9 ∼0.02

a0.833 Hz bandwidth is used to estimate the NNEA based on the model of the adopted lock-in amplifier.
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probability of the target sticking to the SERS substrate surface.
Thus, proper surface functionalization is normally used to
capture the gas molecules into the “hot spots” of the plasmonic
nanostructures for ppb to ppm detection of volatile organic
compounds (VOCs) and toxic gases such as hydrogen sulfide
(H2S).

49,50 On the other hand, mid-infrared (MIR) spectroscopies
can realize high-sensitivity gas molecule detection owing to the
strong gas absorption, approximately 2 to 3 orders of magnitude
higher than that in the near-infrared band. However, the laser
sources and detectors are expensive and normally need cooling
to achieve high detection efficiency. The free-space light trans-
mission and bulky gas cell also compromise the flexibility and
compactness of the spectroscopy. To avoid the use of cooled
semiconductor detectors, an MIR-perturbed SERS detects the
Raman signals at visible wavelengths altered by MIR light ab-
sorbed in molecular bonds and exhibits the potential for single-
molecule detection.51 For the free-space transmission and bulky
gas cell, low-confinement Si photonic waveguides with a short
length of a few centimeters are developed for mid-infrared light,
with the wavelength varying from ∼2.6 to ∼4.2 μm, which real-
izes sub-ppm to ppm detection of trace gas including CO2,
C2H2, and methane (CH4) due to the high evanescent field
confinement factor.52–54 A performance comparison of the FPAS
with the other advanced techniques such as SERS, SEIRAS,
and waveguide-based middle-infrared spectroscopy has been
provided (see Supplementary Material Note 12).

In comparison, the reported miniaturized all-in-one FPAS
works in the near-infrared band, which allows the use of
low-cost DFB laser sources with fiber pigtails and thus easy in-
tegration with the commercial telecom fiber, which makes the
spectroscopy low-cost, miniature, and flexible. The miniatur-
ized FPAS built at the optical fiber tip with a small diameter
of 125 μm also enables a fast response of 20 ms and a small
sample volume of 260 pL. From the aspect of sensitivity, con-
sidering that the gas molecules have much weaker absorption in
the near-infrared than in the middle-infrared band, the local sig-
nal amplification by the microscale cavity and the acoustic-sen-
sitive membrane demodulated by high-sensitivity fiber
interferometry can effectively compensate for the sensitivity
loss caused by the weak near-infrared absorption, which results
in a low detection limit of 9 ppb.

Considering the broadband acoustic response of the FPAS,
operation at the kilohertz range gives the FPAS a better SNR
or a lower NEC, which is preferred for applications detecting
low-concentration gas. By contrast, at the resonant frequency,
despite the relatively lower SNR, the working frequency up to
megahertz is beneficial to increase the immunity of the FPAS
to low-frequency environmental noise. This broad bandwidth
also allows the study of the relaxation time for diverse gas
molecules such as C2H2 and CO2.

55 Gas detection specificity is
also important in practical applications. As the FPAS measures a
specific gas based on its fingerprint spectrum, which commonly
has quite narrow (several to tens of picometers) absorption
peaks, two different gases without an overlapped absorption
band have individual absorption lines. Thus, each gas can be
measured with high specificity by aligning the pump laser
wavelength to its absorption line. In case the mixed gas with
multiple species has an overlapped absorption band, the princi-
pal component analysis and/or deep learning can be used for
the multi-gas analysis.56,57 The NEC of the FPAS can be further
reduced using a high-power laser source to several hundreds of
milliwatts or even watts. Currently, a 50 mW pump power is

used because it is found that a further increase of the pump
power is accompanied by the raised background signal caused
by the membrane absorption. In addition, the thermal effect also
degrades the membrane stability, reflecting the slight fluctua-
tions of the reflection spectrum. One potential solution is to
adopt a 45-deg-angled fiber tip aligned with the FPAS to reflect
the light into the cavity.58 Then, the pump light can pass through
the cavity instead of the membrane, allowing stable detection of
the gas with a much higher pump power and the extension of the
pump wavelength range. Another potential direction for improv-
ing the FPAS performance is to construct a high-finesse F–P
cavity. This can be implemented by replacing the polymer mem-
brane with a high-reflectivity dielectric film or photonic crystal
slab and simultaneously optimizing the parameters for coating
the fiber end facet with high-reflectivity metal films without de-
grading the membrane’s acoustic performance.59,60 Because the
absorption of the gas molecules in the middle-infrared band is
several orders of magnitude larger than that in the near-infrared
band, integration of the hollow core antiresonant fiber that sup-
ports efficient transmission of the middle infrared light is an in-
teresting research direction to further improve the sensitivity of
the FPAS.61 In summary, by merging the advantages of PAS
with fiber-optic interferometry, an all-fiber PAS with a micro-
scale footprint, high spatiotemporal resolution, and minute
sample volume is realized and provides a miniaturized, directly
fiber-coupled, lightweight, and robust platform for real-time and
in situ trace gas measurement in various fields such as industry
process monitoring, leakage gas detection, and biopharmacy.

4 Materials and Methods

4.1 FPAS Fabrication

The fabrication process of the sensor is as follows
(Supplementary Material Note 1). The fiber-tip structure is
fabricated by first splicing a standard SMF (SMF28, Corning
Incorporated, Corning, United States) with a piece of pure
silica capillary (TSP075150, Polymicro Technologies, Phoenix,
United States) using a fusion splicer (FSM-45PM, Fujikura Ltd.,
Tokyo, Japan) and then cleaving the capillary under microscope
with a standard fiber cleaver. The capillary has an outer diameter
of 126 μm and an inner bore size of 75 μm. The splicing current
and time of the splicer are set to 13 bits and 90 ms, respectively.
The cleaving distance from the splicing joint is controlled via
a mechanical translation stage. The fiber structure is then depos-
ited with a 4-nm-thick Au film with an ion sputter (SBC-12,
KYKY Technology Co., Ltd., Beijing, China) to slightly in-
crease the light absorption for subsequent photothermal prepa-
ration of the membrane. A minute amount of UV-curable
adhesive is then dropped into the capillary using another cleaved
fiber tip. Heating light from a 980 nm continuous wave (CW)
laser with a power of 15 mW is coupled into the fiber through
the distal fiber pigtail and absorbed by the Au film. The gen-
erated heat causes the expansion of the air trapped into the
capillary, and the isotropic pressure difference induced by the
air expansion drives the liquid adhesive toward the opening of
the capillary. The pressure difference pneumatically squeezes
the adhesive into an ultrathin membrane. Once the adhesive
reaches a steady state after heating for 5 min, light from a UV
lamp is used to presolidify the adhesive for several seconds. The
adhesive after this presolidification forms a suspended elastic
thin membrane sealing the capillary, with the thickness con-
trolled by the volume of the dropped adhesive and the heating
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power. Once the heating power is turned off, the inverse pressure
difference stretches the suspended membrane. After further UV
light illumination for several hours to fully solidify the adhesive,
the biconcave membrane with a thickness larger at the periphery
of the capillary is obtained.

4.2 Laser Patterning

Femtosecond laser pulses (Libra-USP-HE, Coherent Inc.,
Saxonburg, United States) with a repetition rate of 1 kHz
and an average power of 0.7 mW are focused by an objective
with an NA of 0.4 to pattern the membrane. The fiber tip is faced
upright toward the objective. Once the laser spot is focused onto
the membrane surface, the fiber tip is moved by a 2D translation
stage (M-VP-25XL, Newport Corporation, Irvine, United States)
driven by a programmable controller. By inscribing four evenly
distributed arcs along the azimuthal direction near the membrane
edges, four holes are cut in the membrane (Supplementary
Material Note 1). The step size and the moving speed of the
translation stage are 0.45 μm and 14 μm∕s, respectively.

4.3 Acoustic and PA Gas Test

The frequency response of the FPAS to acoustic waves at the
frequency from 1 to 20 kHz is acquired by measuring the
intensity change of the reflected probe light. The probe light
from a tunable laser (CoBrite DX1, ID Photonics GmbH,
Neubiberg, Germany) after traveling through an optical circula-
tor reaches the FPAS. The reflected probe light from the FPAS
after passing through the circulator is converted to electrical
signals by a photodiode (2053-FC, PD, New Focus, Irvine,
United States) and acquired by an oscillator (PicoScope 5244B,
Pico Technology, Tyler, United States). The acoustic waves are
generated from a loudspeaker driven by a signal generator and
calibrated with a standard microphone (AWA5661, Aihua
Instrument, Hangzhou, China). The NEP is obtained using an
electrical spectrum analyzer (FSV300, R&S, Munich,
Germany) to measure the SNR. Both the FPAS and the micro-
phone are placed in an acoustic isolation box and positioned
symmetrically along the central axis of the loudspeaker.

The FPAS is placed into a gas chamber, where the sample gas
is injected through the inset continuously at a constant flow rate
of 100 sccm. The gas concentration is controlled by two mass
flow controllers (MFCs) that regulate the flow rate of the sample
gas and N2. Pump light from DFB laser sources at 1532, 1578,
and 2006 nm is coupled with the probe light via optical couplers
[see Fig. 3(a)] to excite the PA signals from the C2H2 and CO2

gas. The pump light at 1532 and 1578 nm is amplified by an
EDFA (C-BA-20/L-BA-23, MRX-RRY Photonics, Hefei,
China), and the pump light at 2006 nm is amplified by a
home-built thulium-doped fiber amplifier (Supplementary
Material Note 10). The wavelength of the pump light is scanned
over the gas absorption line and modulated sinusoidally by con-
trolling the laser temperature and driving current, respectively
(LDC205C/TED200C, Thorlabs, Newton, United States). To
maximize the 2f signal, the modulation depth of the pump light
wavelength is set to ∼2.2 times the absorption half linewidth,
corresponding to a sinusoidal modulation voltage of 250 and
270 mV for the C2H2 and CO2 sensing, respectively, at a modu-
lation frequency of 7 kHz. The probe light with a wavelength of
∼1550 nm and a power of ∼5.4 mW is reflected from the FPAS
after traveling through the coupler, and the circulator is con-
verted into the electrical signal by the PD. A bandpass filter with

a center wavelength of 1550 nm and a bandwidth of 15 nm is
added before the PD to filter off the residual pump light. The
output signal from the PD is received by a lock-in amplifier
(ziHF2, Zurich Instruments, Zürich, Switzerland) with a filter
slope of 18 dB/Oct and a time constant of 0.1 s. For continuous
monitoring, the pump light wavelength is fixed at the absorption
line instead of being slowly scanned; then the peak values of the
2f signals are recorded.

4.4 Air Flow Imaging

CO2 gas with a concentration of 5% is injected into a multichan-
nel shunt needle to form separate gas flows. Each channel has an
inner diameter of ∼0.26 mm. The gas flow rate is set to 40 sccm.
The FPAS is mounted onto a 2D translation stage (ML01.8A1,
PI, Karlsruhe, Germany) with the fiber tip facing downward to
avoid possible disturbance caused by the airflow. To avoid gas-
flow-induced fiber swaying, the suspended fiber tip has a short
length of ∼4 mm. During the gas flow mapping process, the
FPAS is scanned crossing the horizontal gas channels with a
translation speed of 0.3 mm/s for a distance of 20 mm. To
characterize the spatial resolution, the CO2 gas is injected into
a needle with an inner diameter of 0.06 mm.

4.5 Monitoring Fermentation of Yeast Cells

The yeast cell is cultivated in a test tube with an inner diameter
of 2.7 cm. 250 mg yeast powder is added to 5 mL pure water and
stirred to obtain a 0.05 g/mL yeast solution. A 1 mL glucose
solution with a concentration of 0.12 g/mL is then added to
the yeast solution. With the assistance of a linear translation
stage, the FPAS is immediately inserted into the test tube and
keeps a distance of 5 cm from the solution surface to prevent it
from contacting the foams produced during the fermentation.
The generated CO2 gas during the fermentation process is re-
leased to the headspace of the yeast solution and is continuously
monitored over a period of ∼1.5 h. To sample the yeast cell sol-
ution with a nanoliter-scale volume, a glass capillary as a micro-
pipette is used for sampling. One end of the capillary is sealed
with epoxy to trap the tiny droplet drawn inside the capillary and
thus avoid direct exposure to the ambient air for slow evapora-
tion. Using a glass capillary with a 0.3-mm bore diameter, the
yeast solution filling the capillary with a length of 1.45 mm has
a volume of ∼100 nL.

4.6 In Vivo Analysis of Intravascular Dissolved CO2

in the Rat

The dissolved CO2 in blood samples from the rat tail vein is
tested by a blood gas analyzer (BGA, i15VET, EDAN
Instruments, Shenzhen, China). Part of the blood sample is
tested by the FPAS at the same time. The FPAS is encapsulated
into a thin-wall Teflon permeable tube with a bore diameter of
∼250 μm and an outer diameter of ∼510 μm (AF 2400 tubing,
Teflon™, Wilmington, United States) before immersing into
the blood samples. For in vivo dissolved CO2 monitoring, after
the rat in a homemade chamber is anesthetized with isoflurane,
a medical syringe needle (21G) is punctured into the tail vein.
The tube-encapsulated FPAS is carefully inserted into the vein
through the needle. The needle and the fiber pigtail are then
fixed by the medical tapes. To avoid blood coagulation, which
causes an unusual increase in the CO2 gas concentration, the
injection needle before inserting into the rat blood vessel is
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treated with sodium heparin solution (0.1%, 12.5 KU, Yuanye
Bio-Technology, Shanghai, China) in advance. The gas mixture
of O2∕N2 or air∕CO2 is injected into the chamber to monitor the
dynamic change of the intravascular dissolved CO2 concentra-
tion in the rat vein by the FPAS. All procedures for the animal
experiment are carried out in accordance with the Institutional
Animal Care and Use Committee at Jinan University.
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