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A B S T R A C T   

Precise measurement of dissolved CO2 gas concentration in perfluorocarbon (PFC) solution is essential to the 
implementation and understanding of extra-pulmonary gas exchange with liquid ventilation. While electro-
chemical and optochemical sensing methods are widely used for dissolved CO2 sensing in aqueous solution, 
dissolved CO2 sensing in the PFC solution remains largely unexplored. We report a refractive index-based silicon 
photonic sensor for monitoring dissolved CO2 gas in the PFC solution. The sensor employs a high-Q silicon ring 
resonator with ZIF-8 cladding for selective and sensitive detection of dissolved CO2 gas. Further, a gas-permeable 
PDMS coating layer is applied to the ZIF-8 cladding for enabling gas diffusion between the PFC solution and the 
ZIF-8. The PDMS layer does not dissolve in PFC and its hydrophobic properties help protect the ZIF-8 from 
potential damage caused by aqueous body fluids in the PFC solution during the liquid ventilation process. The 
fabricated sensor exhibits stable and repeatable responses in the PFC solution with a fine resolution of ~0.16 CO2 
vol%, good selectivity for dissolved CO2 over dissolved O2, and a fast response time of ~1.9 min, enabling 
reliable monitoring of dissolved CO2 gas level changes in the PFC solution.   

1. Introduction 

Monitoring the concentration of dissolved CO2 gas is important in 
various medical areas, particularly in extra-pulmonary gas exchange 
with liquid ventilation [1–3]. Extra-pulmonary gas exchange involves 
the use of alternative methods to facilitate gas exchange outside of the 
traditional lung-air interface. One such approach leverages the unique 
advantages of perfluorocarbons (PFCs) as facilitators for gas exchange 
[4]. PFCs exhibit valuable properties that render them well-suited for 
medical applications, including their inert nature due to the strength of 
the carbon-fluorine bond and their exceptional oxygen and carbon di-
oxide solubilities [5,6]. These properties make PFCs promising candi-
dates for liquid ventilation [7–12]. To effectively implement and 
understand the liquid ventilation process, monitoring the dissolved CO2 
gas concentration in the PFC solution is essential [13]. 

Many efforts have been devoted to sensing dissolved CO2 gas for a 
range of applications, including medical, environmental, and food pro-
cess monitoring [14–18]. The most common approaches are based on 
electrochemical and optochemical sensors [19]. These sensors operate 
by allowing gas diffusion from the solution to the sensor head through a 

gas-permeable membrane, which acts as a barrier between the sensor 
head and the solution. Electrochemical sensors employ an electrolyte 
with electrodes in the sensor head [20], while optochemical sensors 
utilize a polymer matrix incorporating fluorescence or luminescence 
materials that respond to CO2 molecules [21]. However, electro-
chemical sensors require regular and costly maintenance due to the 
aging of the electrolyte and they are relatively bulky for in-vivo moni-
toring. On the other hand, optochemical sensors based on an optical 
fiber offer a more compact and minimally invasive monitoring solution 
without the aging issue [14,22]. Nevertheless, both electrochemical and 
optochemical sensors are primarily designed to operate in aqueous so-
lutions, limiting their use in PFC solutions. For example, the 
gas-permeable membrane used in these sensors is often made of Teflon, 
which dissolves in PFC solutions [22]. Additionally, the polymer matrix 
used in optochemical sensors may generate a signal drift when used in 
non-aqueous solutions [23]. 

Refractive index (RI)-based dissolved gas sensing is an alternative 
optical sensing approach. Unlike the optochemical sensing approach, 
which operates at a specific wavelength of light, RI-based sensing can be 
designed to work at any wavelength [24]. This versatility allows for the 
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utilization of low-cost optoelectronics designed for optical communi-
cation systems, such as light sources and detectors operating at the 
wavelength of 1.3 µm and 1.55 µm [25,26]. One of the drawbacks of 
RI-based sensing is the lack of selectivity to a target gas. This limitation 
can be successfully overcome by utilizing target gas-specific coating 
materials. For example, metal-organic-frameworks (MOFs), which 
selectively adsorb specific gas molecules based on their pore size [27], 
have shown promise in enabling selective and sensitive detection of 
target gases in RI-based sensing [28]. Specifically, ZIF-8 has been widely 
employed for selective detection of CO2 gas [29–31]. However, most of 
the ZIF-8-based sensors have primarily focused on CO2 sensing in gas 
environment due to the instability of ZIF-8 in aqueous solutions [32], 
and its application in dissolved CO2 sensing, particularly in PFC solu-
tion, remains unexplored. 

In this paper, we present a RI-based silicon photonic sensor for 
measuring dissolved CO2 gas in PFC solution. The sensor employs a 
silicon ring resonator with a ZIF-8/PDMS top cladding layer, as shown in  
Fig. 1(a). Silicon photonics proves to be an excellent platform for 
developing ultracompact and cost-effective optical sensors due to the 
high refractive index contrast and compatibility with complementary 
metal-oxide-semiconductor (CMOS) fabrication processes [33,34]. The 
ring resonator allows for achieving high-Q resonance, enabling low 
detection limit RI sensing [35]. The resonance wavelength undergoes a 
shift corresponding to changes in the RI of the waveguide cladding layer. 
The ZIF-8 cladding layer enables selective and sensitive detection of the 
RI change induced by CO2 adsorption in the ZIF-8 material [31]. 
Furthermore, the gas-permeable PDMS coating layer allows CO2 gas 
molecules to diffuse into and out of the ZIF-8 material while effectively 
separating the ZIF-8 from the PFC solution [Fig. 1(b)]. Note that PDMS 
does not dissolve in PFC solution [36]. Moreover, the hydrophobicity of 
PDMS helps protect the ZIF-8 from potential water-induced damage that 
might occur due to the aqueous body fluids mixed with the PFC solution 
during the liquid ventilation process. The effects of the PDMS coating 
layer on water-induced damage of the ZIF-8 are experimentally inves-
tigated, which will pave the way for research on MOFs for dissolved gas 
sensing in aqueous solutions. To the best of our knowledge, this work is 
the first attempt to measure dissolved CO2 gas in PFC solution using a 
ZIF-8-based RI sensor. 

2. Materials and methods 

2.1. Materials 

A silicon-on-insulator (SOI) wafer with a 220 nm device layer and a 
3 µm buried oxide layer was employed for the silicon ring resonator 
fabrication. 950 PMMA A2 from MicroChem and ma-N 2403 from Micro 
Resist Technology were used as a resist material for e-beam lithography. 
Zinc nitrate hexahydrate (Zn(NO3)2⋅6 H2O) and 2-Methylimidazole (2- 
mIm) from Sigma-Aldrich were utilized for the ZIF-8 coating process. 
The PDMS coating was achieved using Sylgard™ 184 Silicone Elastomer 

Kit from Dow and hexane (HPLC Grade) from Fisher Chemical. Per-
fluorodecalin (C10F18) from FluoroMed L.P. was used for the PFC 
solution. 

2.2. Silicon ring resonator fabrication 

The SOI wafer was coated with a PMMA resist. Using e-beam 
lithography, the ring and bus waveguides and the grating couplers were 
patterned on the PMMA resist. A 20 nm Cr film was deposited on the 
patterned resist and then removed via a lift-off process with acetone. The 
Si device layer was then etched using reactive ion etching (RIE) with the 
Cr etch mask, followed by wet etching of the Cr mask. Four ring reso-
nators were fabricated with radii of 10 µm, 10.4 µm, 10.8 µm, and 
11.2 µm [Fig. 2(a) and (d)]. The waveguide had dimensions of 
500 nm × 220 nm and the coupling gap was 550 nm [Fig. 2(b)]. The 
grating coupler had a periodicity of 800 nm, a duty cycle of 50 %, and an 
etch depth of 110 nm [Fig. 2(c)]. Next, a 1 µm layer of SiO2 was 
deposited on the wafer to serve as the top cladding [Fig. 2(d)]. Finally, as 
shown in Fig. 2(e), the circular area of the top oxide cladding on the ring 
resonator was removed using additional e-beam lithography with a ma- 
N resist and RIE with a Ni/Cr (25 nm/15 nm) etch mask. 

2.3. ZIF-8/PDMS coating and sensor packaging 

The SOI wafer with the fabricated ring resonators was coated with a 
ZIF-8 layer using the following procedure. Initially, the wafer was 
cleaned in a piranha solution for 30 min and then rinsed with deionized 
(DI) water and dried with N2 blow. A ZIF-8 coating solution was pre-
pared by mixing methanolic solutions of Zn(NO3)2⋅6 H2O (1.25 mM) 
and 2-mIm (2.5 mM). The chip was immersed in the mixed solution for 
30 min. Afterwards, the wafer was rinsed in methanol and dried with N2 
blow. This coating procedure was repeated until the ZIF-8 thickness 
reached 1.5 µm. The thickness of the ZIF-8 layer was monitored using 
ellipsometry, with a dummy silicon wafer serving as a reference. The 
deposition rate was measured to be ~50.2 nm per coating cycle, and it 
took 30 cycles to reach the desired thickness of 1.5 µm [Fig. 3(a)]. 
Following the ZIF-8 coating, a thin film of PDMS was spin-coated on the 
wafer. To achieve a film thickness of less than 10 µm, a PDMS solution 
was prepared by mixing PDMS base and curing agent at a ratio of 10:1. 
This PDMS solution was then further diluted with hexane at a ratio of 
1:1. The spin-coating process was carried out at a speed of 3000 rpm to 
deposit a PDMS layer with a thickness of 7 µm. The coated PDMS layer 
was baked for 10 min at 125 ◦C for curing. Fig. 3(b) shows the PDMS 
thickness at different spinning speeds, measured using a profilometer on 
a dummy silicon wafer. 

The ZIF-8/PDMS coated SOI wafer was integrated with input and 
output optical fibers, as shown in Fig. 3(c). For precise alignment, two 
3D-printed fiber holders and a chip base were used to align the optical 
fibers at approximately 5◦ with respect to the grating coupler. The op-
tical fibers were attached to the fiber holders, while the sensor was 
attached to the chip base using a UV curable glue (OrmoComp, Micro 
Resist Technology). Once the alignment was achieved, the UV glue was 
applied between the fiber end face and the grating coupler, and UV light 
was applied to cure the glue. Finally, the 3D-printed fiber holders were 
bonded to the chip base using the UV glue. 

2.4. Experimental setup 

The fabricated sensor was characterized using the experimental 
setup shown in Fig. 4. To obtain the sensor signal, a tunable laser source 
(TSL-510, Santec), a polarization controller (FPC030, Thorlabs), and a 
photoreceiver (2053-FC, New Focus) were used. The output voltage 
from the photoreceiver was monitored with a data acquisition instru-
ment (SPU-100, Santec for transmission spectrum measurement and 
PicoScope 6000, Pico Technology for dynamic response measurement). 
Dissolved gas sensing was carried out with CO2 and O2 as a test gas and 

Fig. 1. Schematics showing (a) the dissolved CO2 sensor based on a silicon ring 
resonator and its signal shift in the transmission spectrum and (b) the diffusion 
of CO2 gas molecules across the ZIF-8/PDMS cladding layer. 
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N2 as a carrier gas. The flow rates of CO2, O2, and N2 gases were 
controlled using mass flow controllers (6A0107SV-CA, 6A0107BV-OB, 
6A0107BV-NC, Dakota Instruments). A solenoid valve (2W025–08, 
ATO Inc.) was installed between the test gas cylinder and the MFC for 
precise timing control of the gas flow. The valve was used only for 
characterizing the dynamic response of the sensor in gas environment. 

Two sensor chambers were prepared to characterize the sensor 
response in the gas environment and the PFC solution. For the gas 
environment, the sensor was placed inside a hollow glass tube through 
which a controlled gas flow was passed, as shown in Fig. 4(b). For testing 
in the PFC solution, the sensor was placed on a glass beaker containing 
the PFC solution and the controlled gas was bubbled into the PFC so-
lution, as shown in Fig. 4(c). Note that the gas tube outlet was positioned 
at a sufficient distance from the sensor to ensure that the gas bubbles do 
not directly contact with the sensor. 

3. Results and discussions 

3.1. Effects of the PDMS coating on the water-induced damage of ZIF-8 

To investigate the protective properties of the PDMS coating on the 
water-induced damage of ZIF-8, silicon substrates with a 1 µm thick ZIF- 
8 coating layer were prepared. These substrates were further coated 
with three different thicknesses of PDMS layer: 5 µm, 7 µm, and 10 µm. 
Additionally, a reference sample with a 1 µm thick ZIF-8 layer without 

any PDMS coating was prepared for comparison. The prepared samples 
were then immersed in DI water. 

As shown in Fig. 5, the water-induced damage of ZIF-8 became 
evident in the reference sample, where cracks started to appear on the 
ZIF-8 film after 1 h of immersion. As time progressed, the cracks 
increased and after 80 h in DI water, the ZIF-8 film was eliminated from 
the silicon substrate. In contrast, the samples with a PDMS coating layer 
showed a delay in the water-induced damage. For the 5 µm thick PDMS 
sample, cracks were observed after 1 h, but the density of cracks was 
significantly lower compared to the reference sample. As time passed, 
the cracks increased, and white spots appeared in the sample. The white 
spots could be attributed to empty spaces beneath the PDMS layer 
resulting from the ZIF-8 cracking or damage. After 4 h of immersion, the 
number and size of the white spots increased. Similar trends were 
observed for the samples with a thicker PDMS layer. In the case of the 
7 µm thick PDMS sample, white spots began to appear after 10 h of 
immersion, while no spots were observed even after 10 h in the 10 µm 
thick PDMS sample. However, with prolonged immersion (after 80 h), 
small black dots appeared, which are believed to be indicative of ZIF-8 
damage. 

Overall, the PDMS coating layer showed a beneficial effect in 
delaying the water-induced damage of ZIF-8, with the thicker PDMS 
layers providing increased protection. However, even with the protec-
tive effect of PDMS, prolonged immersion led to the appearance of ZIF-8 
damage in the form of black dots. Using a thicker PDMS coating layer 

Fig. 2. SEM images of (a) the fabricated silicon ring resonator, (b) coupling region of the ring resonator, and (c) grating coupler. The images were taken before the 
deposition of the top oxide cladding layer. Optical microscope images of (d) cascaded four ring resonators and grating couplers with a top oxide cladding layer and (e) 
a representative ring resonator with a circular opening in the top oxide cladding. 

Fig. 3. (a) Measured thicknesses of the ZIF-8 film on a Si substrate with different numbers of coating cycle. (b) Measured thicknesses of the spin-coated PDMS film on 
a Si substrate with different spin speeds. (c) Dissolved CO2 sensor chip packaged with aligned optical fibers. 

H.-T. Kim et al.                                                                                                                                                                                                                                 



Sensors and Actuators: B. Chemical 404 (2024) 135305

4

could further increase the protection time. However, it may result in a 
slower sensor response time due to the longer gas diffusion time through 
a thicker PDMS layer. Note that the PDMS coating layer does not in-
fluence the measured gas concentration due to its gas-permeability and 
the steady-state response of the sensor remains unaffected. In the current 
work, a 7 µm thick PDMS coating layer was chosen for the sensor 
fabrication. Since the sensor was intended to operate primarily in the 
PFC solution, which could contain low levels of aqueous body fluids 
from the liquid ventilation process, the 7 µm thick PDMS coating was 
expected to provide extended protection for the ZIF-8 film beyond the 
observed 10 h. 

3.2. Sensor transmission spectrum and RI sensitivity 

Fig. 6(a) and (b) show the transmission spectra of the fabricated 
sensor measured in air. It has a series of resonance dips from the four 
ring resonators. At approximately 1574 nm, the transmission spectrum 
exhibits the maximum output voltage with four distinctive resonance 
dips, each spaced ~1 nm apart. The free-spectral-ranges (FSRs) of the 
resonators with radii of 10 µm, 10.4 µm, 10.8 µm, and 11.2 µm were 
measured to be approximately 11.0 nm, 10.6 nm, 10.3 nm, and 9.8 nm, 
respectively. Although the grating coupler has a maximum coupling 
efficiency around 1560 nm, the stronger output signals observed around 
1574 nm were primarily influenced by the spectral profile of the tunable 
laser source. Due to the stronger output voltage and the absence of 
overlap, the dips around 1574 nm were chosen for sensing purposes. It 
can be observed that the sensor spectrum measured in air changed after 
immersion in the PFC solution. The resonance dips shifted and the 
extinction at the resonances became deeper [Fig. 6(b)]. These changes in 
the sensor spectrum were observed only during the initial use of the 
sensor in the PFC solution. Subsequently, the sensor spectrum remained 
stable over multiple uses in the PFC solution. It is believed that the initial 
interaction between the PDMS and the PFC solution led to swelling of 
the PDMS, which in turn affected the cladding characteristics of the ring 

resonators. Particularly, a resonance dip at ~1574 nm exhibits a deep 
extinction of ~20 dB with a high Q factor of 11,000. This dip was 
selected for dissolved CO2 sensing. 

Before the coating of ZIF-8/PDMS on the ring resonator, the RI 
sensitivity of the resonator was measured by covering it with different RI 
solutions [Inset of Fig. 6(c)]. Salt solutions with different salinities were 
used for the different RI solutions. The resonance shift at each RI was 
measured, as shown in Fig. 6(c), and the RI sensitivity was determined to 
be 146.9 nm/RIU. However, the presence of a thin residual oxide layer 
on the silicon waveguide significantly reduced the RI sensitivity [Fig. 6 
(d) and (e)]. This thin oxide layer was intentionally left to prevent 
damage to the waveguide during the RIE process of the top oxide layer. 
The simulation results [Fig. 6(e)] indicate that the measured RI sensi-
tivity of ~146.9 nm/RIU is resulted from a residual oxide thickness of 
approximately 60 nm. A RI sensitivity of 229.8 nm/RIU is obtainable by 
completely removing the residual oxide layer. A gas-phase hydrofluoric 
acid etch process can be a potential solution to address this issue. This 
process enables selective and complete removal of the top oxide layer 
without damaging the silicon waveguide. 

3.3. Sensor response in the gas environment 

The fabricated sensor was characterized first in the gas environment 
and the sensitivity, resolution, and response time of the sensor were 
obtained. The sensor was placed inside the glass tube and stabilized 
under a continuous flow of N2 gas for 12 h prior to testing. The N2 blow 
process was intended to eliminate methanol residuals, which are a 
byproduct of the fabrication process, from the ZIF-8 layer. This process 
can be replaced with a single dynamic vacuum drying session at 120 ◦C 
for 12 h, immediately following the ZIF-8 coating [37]. Following the 
stabilization period, different concentrations of test gas were introduced 
into the glass tube. Fig. 7(a) shows the resonance shift of the sensor at 
different gas concentrations. The sensor exhibits a CO2 sensitivity of 
~8.7 pm/CO2 vol% and negligible responses to O2 gas. 

To evaluate the sensing resolution, the resonance wavelength was 
monitored in room temperature air over 1 h with a measurement in-
terval of 1 min, as shown in Fig. 7(b). The standard deviation of the 
resonance shift was measured to be 1.4 pm, which is the wavelength 
resolution of the sensor. Based on this wavelength resolution, the CO2 
sensing resolution was calculated to be ~0.16 CO2 vol%. 

For the response time measurement, the tunable laser wavelength 
was fixed at ~1574 nm, which corresponds to the steep slope of the 
resonance. The sensor was subjected to a continuous flow of N2 at a rate 
of 5 l/min. To induce a fast and small change in the CO2 concentration, a 
step voltage input was introduced to the solenoid valve to obtain a CO2 
flow rate of 1 l/min [Fig. 7(c)]. The PD output voltage was recorded 
with a sampling rate of 1 msec. The 10–90 % response and recovery 
times were measured to be ~2.6 msec and ~2.4 msec, respectively. Note 
that the measured response time includes both the response of the sensor 
itself and the response of the gas handling system, which includes factors 
such as flow rate-dependent manifold mixing and solenoid valve actu-
ation. Therefore, the actual response and recovery times of the sensor 
are expected to be smaller than the measured values. In our future work, 
an optimization-based system identification method is planned to pre-
cisely characterize the dynamics of the gas handling system based on the 
measured responses. 

3.4. Sensor response in the PFC solution 

The sensor was initially placed in an empty glass beaker. Subse-
quently, 45 ml of PFC solution was poured into the beaker, submerging 
the sensor in the PFC solution. The resonance wavelength of the sensor 
was monitored every 1 min throughout the PFC response testing. 

Fig. 8(a) shows the time response of the resonance wavelength shift 
of the sensor. When N2 gas was blown into the PFC solution, the reso-
nance wavelength showed a blueshift. Following the N2 gas blow, the N2 

Fig. 4. (a) Experimental setup for the sensor characterization. AMP: amplifier, 
DAQ: data acquisition instrument, MFC: mass flow controller, PC: polarization 
controller, PD: photoreceiver, SMF: single-mode optical fiber, SV: solenoid 
valve, TL: tunable laser source. Schematic of the setup for testing the sensor in 
(b) the gas environment and (c) the PFC solution. 
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supply was cut off, and test gases, i.e., CO2 and O2, were introduced into 
the PFC solution. In this scenario, the resonance wavelength exhibited a 
redshift of approximately 0.88 nm in response to the CO2 blow, while 
the sensor did not respond to the O2 blow. The observed resonance shift 
of ~0.88 nm for the CO2 blow and no shift for the O2 blow are consistent 
with the resonance shifts observed in the gas environment. Furthermore, 
the cyclic test results demonstrate that the sensor has good repeatability 
in its response to dissolved CO2 gas. As our sensor is designed to operate 
in PFC solutions containing only CO2 and O2 gases during the liquid 
ventilation process, the demonstrated selectivity is sufficient for this 
application. However, given that ZIF-8 also responds to volatile organic 
compounds (VOCs) [37], in other applications with the presence of 
VOCs, the crosstalk from VOCs may affect the CO2 selectivity of the 
sensor. This crosstalk issue can be addressed by employing an array of 

ring resonators, each functionalized with a different type of MOF that 
has a distinctive response to CO2 and VOCs. 

The 10–90 % response and recovery times of the sensor in the PFC 
solution were measured to be ~5.1 min and ~4.2 min, respectively at a 
flow rate of 1 l/min. The response time was found to decrease with 
increasing CO2 flow rate, as shown in Fig. 8(b). At a flow rate of 2 l/min, 
the response time reduced to ~3.3 min. These response times are limited 
by both the time for CO2 bubbles to be dissolved in the PFC solution and 
the time for dissolved CO2 gas to diffuse into the ZIF-8 layer, which are 
much slower than the millisecond level of sensor response time in the 
gas environment [Fig. 7(c)]. As the response time of sensor itself is in 
milliseconds, the fabricated sensor is believed to be fast enough to 
reliably monitor changes in the dissolved CO2 gas level in the PFC so-
lution for the liquid ventilation process. It should be noted that the 

Fig. 5. Optical microscope images of ZIF-8 (thickness: 1 µm) coated silicon substrates with different thicknesses of PDMS coating. The images with 20 times 
magnification were taken before (0 h) and after being immersed in DI water for 1 h, 4 h, 10 h, 80 h, and 150 h. The white scale bars represent 100 µm. The insets in 
the top-right corner of each image are 10 times zoom-in of the original image. 
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sensor performance showed no degradation over the course of the 16.7- 
hour sensor response experiment in the PFC solution [Fig. 8(a) and (b)]. 
These results demonstrate the excellent stability of the ZIF-8/PDMS 
coating layer in the PFC solution. 

Additionally, the dynamic response of the sensor was characterized 
in PFC solutions with different CO2 concentrations. For the experiment, 
two PFC solutions were prepared: one was blown with N2 gas and the 
other with CO2 gas for 20 min at a flow rate of 1 l/min. These N2- and 
CO2-saturated PFC solutions were then mixed in different volume ratios 
to achieve 0 %, 10 %, 20 %, 50 %, and 100 % CO2 concentrations in the 
PFC solutions. For example, a PFC solution with a 50 % CO2 concen-
tration was obtained by mixing equal volumes of N2- and CO2-saturated 
PFC solutions. The mixed PFC solution was immediately transferred into 
the beaker containing the sensor. Fig. 8(c) shows the dynamic response 
of the sensor to PFC solutions with different CO2 concentrations. For a 
concentration of 100 %, the resonance wavelength swiftly redshifted, 
reaching a maximum shift of ~0.78 nm within 2 min of the sensor im-
mersion in the PFC solution. Subsequently, the resonance wavelength 
exhibited a blueshift, which is believed to be due to the degasification of 
dissolved CO2 from the PFC solution. The 10–90 % response time was 
measured to be ~1.9 min, which was slower than a response time of 

~2.6 msec in the gas environment. The faster response time in the gas 
environment is attributed to CO2 having a higher diffusivity in air than 
in a liquid, such as a PFC solution [38]. A similar trend was observed for 
lower CO2 concentrations. The maximum resonance shift (at time 
t = 21 min) was found to decrease linearly with a decrease in CO2 
concentration, as shown in Fig. 8(d). The sensitivity was obtained to be 
~7.8 pm/CO2 vol%, which was lower than the ~8.7 pm/CO2 vol% 
measured in the gas environment [Fig. 7(a)]. As these results [Fig. 8(c) 
and (d)] were obtained 8 months after those of Figs. 7(a) and 8(a), the 
steady-state responses to the CO2-saturated PFC solution obtained at 
different times were compared, as shown in Fig. 8(e). The steady-state 
resonance shift obtained after 8 months was found to be ~0.1 nm 
smaller. This indicates that the lower sensitivity was a result of sensor 
performance degradation, which may be due to damage to the ZIF-8 
caused by ambient moisture diffusing into the ZIF-8 via the PDMS 
layer. Note that the use of the same sensor for multiple tests to evaluate 
its response in the PFC solution demonstrated that the sensor is both 
reusable and capable of producing reproducible results. However, since 
the sensor is intended for medical applications, it will not be reused to 
prevent any potential harm that could arise from biocontamination. 

Fig. 6. (a) Transmission spectra of the sensor before and after testing in the PFC solution and (b) the zoom-in view of the four resonance dips around 1574 nm 
wavelength. Both spectra were measured in air. (c) Measured resonance shift of the ring resonator with respect to different RIs of salt solution. The inset shows the 
ring resonator under testing with the salt solution on top. (d) Schematic of the cross-sectional view of the silicon waveguide with a residual top oxide layer. (e) 
Simulated RI sensitivity of the ring resonator with respect to different thicknesses of residual top oxide layer. The inset shows the mode profile of the silicon 
waveguide with a 60 nm thick top oxide layer. 

Fig. 7. (a) Resonance shift of the sensor measured in CO2 and O2 gases with different gas concentrations. (b) Measured sensor noise in room temperature air. (c) 
Dynamic response of the sensor when the CO2 gas concentration in the glass tube changes from 0 % to 16.7 % and then back to 0 %. 
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4. Conclusions 

We successfully developed a silicon photonic sensor with a ZIF-8/ 
PDMS cladding layer for dissolved CO2 gas sensing in PFC solutions. 
The sensor was demonstrated to have a fine resolution of ~0.16 CO2 vol 
% for measuring CO2 gas and good selectivity that allows effective dis-
tinguishment from dissolved O2 gas. The sensor was also shown to have 
response and recovery times of ~2.6 msec and ~2.4 msec in the gas 
environment and a response time of ~1.9 min in the PFC solution. Based 
on our previous animal experiment for liquid ventilation [13], the CO2 
level change in PFC solution is expected to be ~5.5 CO2 vol% and this 
CO2 level change is expected to occur slowly over ~6.7 min. Therefore, 
our sensor will allow for reliable monitoring of the dissolved CO2 level 
change for the liquid ventilation processes. For performance compari-
son, one of the commercially available optochemical sensors for dis-
solved CO2 measurement has a measurement range of 1–25 CO2 vol%, a 
resolution of ~0.15 CO2 vol% at 6 CO2 vol%, and a response time of 
~3 min [23]. Moreover, the PDMS coating layer was proved to serve as 
protection for the ZIF-8 from potential water-induced damage. It should 
be noted that while the current sensor specifically measures dissolved 
CO2 gas using ZIF-8, the proposed sensing approach would enable 
simultaneous measurement of multiple dissolved gases by employing an 
array of ring resonators, each coated with different MOFs that respond 
distinctively to target gases. In addition, the sensor size can be further 
miniaturized by integrating the sensor chip onto the end-face of an op-
tical fiber as in [39]. This will lead to the development of an ultra-
compact fiber-optic sensor for simultaneous measurements of multiple 
dissolved gases, which would benefit various applications, including 
medical, environmental, and food process monitoring. 
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