This article has been accepted for publication in afuture issue of thisjournal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI

10.1109/JSEN.2015.2438063, | EEE Sensors Journal
> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 1

Ultra-Short Near-Infrared Fiber-Optic Sensors
for Carbon Dioxide Detection

Xinyuan Chong, Student Member, IEEE, Ki-Joong Kim, Paul R. Ohodnicki, Erwen Li,
Chih-Hung Chang*, Member, IEEE, Alan X. Wang*, Senior Member, IEEE

Abstract— In this paper, we report a fiber-optic carbon dioxide
(CO,) near-infrared absorption sensor with only 8-centimeter
sensing length that is coated with nanoporous metal-organic
framework material Cu-BTC (BTC=benzene-1,3,5-
tricarboxylate). The multimode optical fiber was etched by
hydrofluoric acid to remove the cladding and part of the core,
resulting in larger evanescent field to sense the near-infrared
absorption induced by the adsorbed CO,. The Cu-BTC thin film
with 100 nm thickness was then grown onto the ethced core
through a stepwise layer-by-layer method. Our real-time
measurement results show that the CO, detection limit is better
than 500ppm and the overall response time is 40 seconds for
absorption and 75 seconds for desorption. To the best of our
knowledge, this is the shortest near-infrared fiber-optic sensor for
CO, detection at 1.57 pm wavelength.

Index Terms— fiber optic sensor, gas sensor, near infrared
absorption, metal-organic framework

. INTRODUCTION

IBER-optic sensors are playing significant roles in many

engineering applications due to the unique advantages such

as light weight, low cost, compact size, immunity to
electromagnetic interference, and large communication
bandwidth [1]. Various sensing technologies have been
developed [2-7], of which fiber-optic evanescent field sensor
[6] is one of the most established and widely used techniques
that can offer exclusive advantages of easy optical coupling and
excellent capabilities for distributed sensing and sensor
network. A broad spectrum of applications have been reported
including chemical sensing [2, 8, 9], gas sensing [4-6, 10-16],
and biosensing [3, 17, 18]. Since this sensing mechanism relies
on the penetration of the evanescent field of a total internally
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reflected light into the absorbing medium (cladding layer), it
suffers low sensitivity due to the small percentage of the optical
power carried by the evanescent field when compared with
hollow core or micro-structured fibers [6]. This issue becomes
even worse for gas sensing due to the low molecule density.
Compared with infrared (IR) absorption through a gas cell, the
sensitivity of an equivalent length evanescent field fiber-optic
sensor is typically three to four orders of magnitude lower [15].
This may not be a serious issue for mid-IR (2.5-10 pum
wavelength) sensors that work at the highly absorptive
fundamental vibrational bands [19]. However, most
commercial mid-IR spectrometers are expensive, large, and
heavy tabletop instrument that is unsuitable for mobile or
distributed sensing applications. On the other hand, optical
communication systems for telecom industry have enabled
near-infrared (NIR) optical fibers and optoelectronic devices
that are miniaturized, low cost, and highly reliable during last a
few decades, which has significantly accelerated the
development of NIR sensors [20-23]. The biggest challenge is
that most gases do not have fundamental vibration bands at NIR
regions. The absorptions have to come from overtunes of the
fundamental vibration bands, and hence it has relatively low
detection sensitivity. Therefore, evanescent field NIR
fiber-optic gas sensors typically must be several meters in
length in order to achieve acceptable sensitivity.

To resolve this challenge, we develop ultra-short NIR
fiber-optic gas sensors for carbon dioxide (CO,) detection by
depositing a thin layer of metal-organic framework (MOF) on
the core of multimode fibers. MOF is a new class of highly
porous crystalline material consisting of metal ions and
bridging organic ligands linked together by coordination bonds.
Due to its high surface area, chemical and physical tailorability
and tunable nanostructured cavities, it has been widely applied
in chemical separation [24-26], gas storage [27-30], drug
delivery [31-33], sensing [34-37], and catalysis applications
[38-40]. In our NIR fiber-optic sensors, the 100 nm thick MOF
film coated at the surface of the fiber core absorbs CO, in the
ambient environment, and effectively increases the local CO,
concentration at the surface of the optical fiber, which
essentially enhances the interaction between the evanescent
field and the gas analyte. As a result, we successfully increased
the NIR detection sensitivity with an ultra-short length.

Il. PREPARATION OF MOF-COATED NIR FIBER OPTIC SENSORS

The evanescent field NIR fiber-optic sensor was fabricated
by growing nanoporous MOF materials on the core surface of a
multimode fiber (MMF). First, standard buffered oxide etchant
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(BOE) was used to etch away the cladding of a fluorine-doped
silica cladded/silica core MMF (Thorlabs AFS 105/125Y). The
length of the etched region is about 8 cm. Prior to the etching
process, the MMF polymer coating layer was removed by
chemical stripping over a slightly longer length of about 10 cm.
To increase the interaction between the evanescent field and the
surrounding gas molecules and thereby enhance the sensitivity,
the 125 um core of the MMF was etched to approximately 75
um. Second, the etched fiber was cleaned thoroughly by
acetone, isopropanol and deionized water, respectively,
followed by O, plasma treatment (50 w) for 20 min. Finally, a
MOF thin layer was grown on the surface of the etched core by
stepwise layer-by-layer (LBL) method [41]. Briefly, the fiber
was first immersed into a 300 mL ethanol solution which
contains 10 mM metal precursor Cu(Ac), for 20 min.
Subsequently, the MMF was immersed into another 300 mL
ethanol solution which contains 1 mM organic ligand
benzene-1,3,5-tricarboxylate (BTC) for 40 min. Between each
step, the fiber was rinsed with ethanol to remove the unreacted
precursor ions or molecules to ensure the uniform growth and
then naturally dried at room temperature for 10 min. Optical
microscopy images of the MMF before and after growing MOF
are shown in Figure 1 (a) and (b). The silica core of the MMF
was coated with MOF which shows a light blue color due to the
copper ions. The scanning electron microscopy (SEM) images
of the MOF-coated MMF are shown in Figure 1 (c) and (d). The
cross sectional SEM image in Figure 1 (c) indicates that the
thickness of the MOF film with 100 nm was obtained by 30
cycles LBL growth, and the top SEM image with a tilted
perspective angle in Figure 1 (d) shows that the MOF film
consists of many single crystals with average size less than
1um. In addition, we did not observe any peel-off of the MOF
film from the MMF, indicating good bonding between these
two materials. The XRD pattern of the MOF-coated MMF [the
upper curve of Figure 1 (e)] shows only one peak at 26 = 11.6°,
corresponding to the (222) plane of Cu-BTC. This indicates the
highly oriented growth, having a hexagonal shaped unit cell
viewed along the (111) direction [42], compared to that of the
polycrystalline bulk Cu-BTC prepared by solvothermal method
[the lower curve of Figure 1 (€)]. This might due to the presence
of -OH functional groups on the surface of optical fibers after
O, plasma treatment, leading to preferentially oriented films
[43].

MOFs are relatively new materials, and most optical
characterizations of MOF are focused in the visible wavelength
range. For example, it has been confirmed that the organic
ligands will induce optical absorption between 400 and 800 nm
[44]. To measure the optical properties of MOF in the NIR
wavelength range, a 100 nm thick MOF film was grown on a
silicon wafer with 10 nm silicon oxide top layer. The refractive
indices of the MOF film were measured and modeled using
ellipsometry as shown in Figure 2. The real part of the
refractive index of MOF is 1.33 at 1.57 um wavelength with a
small dispersion from 1.1 to 1.7 pm. The imaginary part of the
refractive index is negligible, which means that there is no
material absorption in the NIR wavelength range, which is very
critical for NIR absorption sensing. The refractive index of
MOF is less than that of the MMF core (1.45) but greater than
that of air, therefore, light can still propagate inside the MMF

core, while the evanescent field will also be enhanced
compared with air cladding.

—— MOF coated MMF
—— Bulk MOF
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Fig. 1. Optical images of the core of MMF (a) before and (b) after coating
MOF. (c) Cross-sectional and (d) top SEM images of the MOF-coated MMF
after 30 cycles LBL growth. (e) XRD patterns of the MOF-coated MMF and
bulk MOF prepared by typical solvothermal method.
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Fig. 2. Refractive index n and extinction coefficient k of MOF measured by
ellipsometry.
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Fig. 3. (a) AFM image of MMF coated with MOF; (b) FFT of the surface
profile in the spatial domain; and (c) Optical scattering image of the
MOF-coated fiber-optic sensor illuminated by a 635 nm red laser.

The major optical loss of the fiber-optic gas sensors is caused
by the surface roughness of the MOF crystals as shown in
Figure 1 (d). Quantitative measurement of the fiber-optic
sensor surface profile was conducted by atomic force
microscopy (AFM) as shown in Figure 3 (a). The AFM surface
profile corresponds very well with the SEM image in Figure
1(d), with clear images of the small MOF crystals. The root
mean square of the surface profile is 64.1nm. Since the optical
scattering strongly depends on the spatial frequency of the
surface profile, post-measurement analysis using fast Fourier

transform (FFT) was executed and the results are shown in
Figure 3 (b). In our AFM image, the scanning area is 2 pm %2
um with 8 nm spatial resolution. The plotted spatial frequencies
from 0.003 nm™* to 0.4 nm™ show peak power spectral density
(PSD) at 0.006 nm™, which corresponds to the average MOF
crystal size. Surface roughness with such spatial frequencies is
comparable with the NIR wavelength in the fiber and should
cause significant amount of optical scattering. The optical
image of the MOF-coated MMF illuminated by a 635 nm
semiconductor laser in Figure 3 (c) confirms the strong optical
scattering. We also coupled broadband NIR light (1.5-1.6 pum)
from an amplified spontaneous emission (ASE) light source
into the fiber-optic sensor. The total loss for the MMF without
MOF was 6.8 dB. After being coated with MOF, the loss
increased to 15.8 dB.

I1l. EXPERIMENT SETUP FOR CO, SENSING

The experiment setup for CO, sensing is shown in Figure 4.
A tunable semiconductor laser diode (HP 8168) with a standard
single mode (SMF28) fiber pigtail was used as the light source.
The output light was first split by a 1>2 10:90 coupler. 10% of
the light was coupled into a power meter (Thorlabs, Inc. PM20)
as the reference, and the other 90% was coupled into the
fiber-optic sensor by a buffered fiber adapter (FIS F18294).
The sensor was placed inside a gas cell, which was connected to
the CO, and Ar gas tanks. The transmitted light through the
sensor was directly coupled to another power meter (Thorlabs,
Inc. S122C), and the data was collected by a personal computer
through a USB power and energy meter interface (Thorlabs,
Inc. PM100USB). Gas flows were controlled by two mass flow
controllers (MFC) (Aalborg, GFC 17) with 0-20 ml/min flow
range. Different CO, concentration was achieved by varying
the mixing ratio of CO, and Ar flows.
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+ Gas Inlet

co,

Fig. 4. Schematic of the experiment setup for CO, sensing.

IV. RESULTS AND DISCUSSIONS

The gas cell was first purged by ultra-pure Ar for 2 hours to
remove water vapor inside the MOF. Then, the gas flow was
switched from pure Ar to CO, with a flow rate of 5 sccm for 5
minutes. The wavelength of the tunable laser was continuously
scanned from 1571.5 nmto 1583.5 nm with 0.02 nm resolution.
The optical transmission spectra of the tunable laser, MMF
fiber only, MOF-coated MMF fiber with pure Ar and with pure
CO, were plotted in Figure 5. Compared with the tunable laser,
the MMF without MOF had 8 dB optical insertion loss due the
optical coupling at the fiber connectors and the optical
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scattering caused by surface roughness at the sensing region.
Also, the spectrum was no longer flat and smooth due to the
modal noise of MMF. After coated with MOF and purged with
Ar, the optical loss further increased to 21 dB due to extra
optical scattering by MOF. When switched the gas flow to pure
CO,, the optical transmission spectra dropped around 1 dB due
to the CO, absorption. As a comparison, if the MMF is not
coated with MOF, switching Ar to CO, will not induce any
observable change of the optical transmission since the fiber is
not long enough to induce detectable NIR absorption.

To further study the dynamic response, real-time data of the
fiber-optic sensor was measured. The wavelength of the tunable
laser was fixed at 1572.5 nm. Then, pure Ar and CO, gas flows
were switched alternately every 5 minutes. In Figure 6(a), the
grey regions and white regions represent the time slots when
CO, and Ar flows, respectively. The average transmission
power difference between flowing Ar and CO, is about 1.6 pW.
As a comparison, the absorption measurement was repeated at
1500 nm in Figure 6(b) with average absorption around 1.1
uW. This observation implies that the absorption spectrum of
CO; in MOF might be different from the gas in free space,
which should have orders of magnitude higher absorption rate
in the 1572.5 nm absorption lines than in 1500 nm.
Interestingly, when we used 635 nm laser diode as the light
source, we did not observe any meaningful absorption. Our
results confirmed that the optical absorption at 1572.5 nm and
1500 nm were caused by the CO, absorption in MOF, which
may have different spectral widths than the a few narrow lines
as predicted by HITRAN [45]. The response time of the sensor
was measured for both the absorption and desorption process as
shown in Figure 6(c) and (d). The absorption time (from 90% to
10%) was approximately 40 seconds and the desorption time
(from 10% to 90%) was approximately 75 seconds. It should be
noticed that these results the overall response times including
purging the gas cell with volume of 7 cm®. The MOF layer is
only 100 nm thick, and the absorption time and desorption time
for CO; is therefore likely to be negligible compared with the
time to purge the gas cell.
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Fig. 5. Optical transmission spectra of the tunable laser, MMF, MOF-coated
MMF in Ar and in CO,, respectively.
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Fig. 6. Real-time response of the fiber-optic sensor to alternating Ar and CO;
flows at (a) 1572.5 nm, (b) 1500 nm; Response time of the fiber-optic sensor for
(c) absorbing and (d) desorbing CO..

The detection limit of the fiber-optic sensor was tested by
measuring the change of the transmitted optical power
(ATransmission) as a function of CO, concentration. Different
CO, concentrations were obtained by controlling the flow rates
of pure Ar and CO,. From the plot of Figure 7, we can clearly
observe the relation between ATransmission and the CO,
concentration. The slope at higher concentration (>5%) is
smaller than that at lower CO, concentration. This is because
higher concentration CO, will saturate the nanoporous MOF
film, which is consistent with the reported results [46]. The
inset figure shows zoomed-in plot of ATransmission vs. CO,
volume concentration in log-scale. The lowest CO,
concentration we measured is 500 ppm, which is limited by the
noise of the MMF, which caused signal fluctuation that is
comparable with low concentration CO, absorption. Using a
single-mode optical fiber coated with MOF should further
improve the detection limit.
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Fig. 7. Average ATransmission as a function of CO, volume concentration in
Ar. Inset: zoomed-in plot for low concentration (log scale).
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CONCLUSION

In summary, we have developed ultra-short NIR fiber-optic

gas sensors based on MOF-coated MMF for CO, sensing.
Compared with conventional evanescent field fiber-optic gas
sensors, the sensing length was reduced to only 8 cm by
selective concentration of CO, into the MOF layer that was
coated at the surface of the core of the MMF. We achieved a
detection limit of 500 ppm, and the overall real-time response
was found to be only 40 seconds for absorption and 75 seconds
for desorption in a gas cell designed in this study. To the best of
our knowledge, this is the shortest NIR fiber-optic sensor for
CO, detection at 1.57um wavelength. Such ultra-short
fiber-optic gas sensors with rapid response time can be used for
greenhouse gas detection and environmental protection.
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