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Highlights

1. An optical fiber-based humidity sensor with ultrafast response is proposed by
depositing GO onto a tilted fiber grating (TFG) with large tilted angle.

2. The experimental results show sensitivities of 18.5 pm/%RH and 0.02
dB/%RH with highly linear coefficient in the dynamic range of 30%-80%RH.

3. The sensor is successfully applied to monitor human breathing cycles with
different breathing frequencies.

4. The sensor also shows the properties of easy fabrication, low hysteresis,
ultrafast response, and high repeatability and reliability.

Abstract: We propose and experimentally demonstrate a high-performance relative humidity (RH)
sensor by depositing graphene oxide (GO) onto tilted fiber grating (TFG). The largely tilted grating
planes of the employed TFG can induce a set of polarization-dependent cladding modes and strong
evanescent field to couple with the humidity-dependent dielectric of GO layer. The GO-deposited
TFG presents the response sensitivities of 18.5 pm/%RH and 0.027 dB/%RH in the range of
30%~80%RH by tracking the wavelength and intensity of a specific cladding mode resonance. By
monitoring the human breath with different frequencies, the sensor exhibits an ultrafast response
within ~42 ms due to the thin GO film and unimpeded permeation of water molecules through GO
interlayer. The easy fabrication, low hysteresis, fast response, and high repeatability and reliability
of the proposed RH sensor may enable many potential applications including pharmaceutical
processing, human health and environmental monitoring.
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1. Introduction

Humidity is an essential index of environmental monitoring, and the measurement of humidity
has been extensively used in food processing, electronic products, pharmaceutical manufacturing,
precision instrument laboratories, and even the control of human comfort and health [1, 2]. Among
a variety of humidity sensors, the use of fiber-optic devices presents unique advantages of compact
size, light weight, low cost, immune to electromagnetic interference, and remote and distributed
measurement. Many fiber-based schemes have been developed for humidity sensing, including
etched/tapered/polished fibers [3-6], hollow core fibers [7], and grating-assisted fibers including
fiber Bragg gratings (FBGs) [8-12], tilted FBGs (TFBGs) [13-15] and long-period gratings (LPGS)
[16, 17]. Actually, determined by fiber’s silica-based material properties, these fiber devices such
as FBGs are intrinsically sensitive to only physical parameters (i.e. temperature and strain). For the
purpose of humidity sensing, hygroscopic materials are always required to be coated onto the
surface of fiber devices. For example, FBGs only with core mode have to be coated with thick
materials with hygroscopic expansion effect to sense the change of humidity [9, 18]. On the other
hand, by integrating materials with moisture-sensitive refractive index onto fiber devices with
evanescent fields or cladding modes, humidity sensing could be carried out. Normally, polymers
(polyimide, polyvinyl alcohol, etc.) with moisture absorption are chosen to coat on tapered, etched,
polished, hollow-core fibers and TFBG to fabricate the humidity sensors [3-7, 13]. Unfortunately,
these polymer-based hygroscopic materials have a relatively slow humidity response and
considerable hysteresis.

Recently, graphene oxide (GO), the most important derivatives of graphene, is considered as a
very promising material for humidity sensing. Different from the porous material structures of
polymers, GO has high surface-area-to-volume ratio and strong absorption property in a wide
wavelength range, and can be integrated with optical fiber for UVA and biochemical sensing [19-
21]. More importantly, there are rich oxygen-coating groups between layers for interacting with
water molecules, such as hydrophilic hydroxyl, epoxy, and carboxylic groups [1]. In addition, these
groups provide a channel for superpermeability to water molecules, which could facilitate their fast
interaction processes between water molecules and GO layers, and thus can be developed in
humidity sensing devices [14, 22-26].

In this work, we deposit GO film onto a tilted fiber grating (TFG) to implement a high-
performance relative humidity (RH) sensor relying on GO’s unique attributes. Compared with the
TFBG, the employed TFG has so large tilted angle breaking the fiber’s azimuthal symmetry, and
thus could excite a set of polarization-dependent cladding modes and induce the strong evanescent
field [27, 28]. Tt is also called “excessively tilted” fiber grating. Therefore, the lightwave
propagation in such TFG could be effectively modified by the coated GO via its interaction with
cladding modes, enabling a sensitive humidity measurement. In the fabrication of fiber devices, the

TFG transmission shows a highly sensitive evolution as the GO disposition thickness. By tracking



the resonant wavelength and intensity of a specific cladding mode, the GO-deposited TFG exhibits
the response sensitives of 18.5 pm/%RH and 0.027 dB/%RH with good linearity and low hysteresis
in the range of 30%~80%RH. The sensor is also applied in real-time monitoring the human
breathing with different frequencies, showing an ultrafast and reversible response of ~42 ms
response time. Different from geometry-modified fibers which require complicated processes of
etching, polishing, or tapering, the TFGs retaining a robust mechanical structure have been used for
light-matter interaction and bio/chemical sensing [29-32]. The reliabilities of easy fabrication and
GO integration, combining with the high sensing performances, promise many potential

applications in pharmaceutical processing, human health and environmental monitoring.

2. Tilted fiber grating with large tilted angle

The TFG is a special member in the fiber grating family whose grating planes are angled by a
certain degree with respect to the fiber axis, as schematically shown in Fig. 1(a). In this work, the
employed TFG has a tilted angle of more than 80 degree. The grating period along the fiber axis is
much larger than that of the initial period determined by the phase mask, and thus the forward-
propagating core mode will be coupled into forward-propagating cladding modes [33]. The largely
tilted fringes will locally break the cylindrical symmetry of the fiber core and induce a strong
birefringent effect, and then the TFG demonstrates a noticeable multi-notch dual-peak feature [32],
including two orthogonal resonance peaks of transverse electric and transverse magnetic cladding
modes. Determined by the phase matching condition, the resonant wavelength of the mth cladding

mode can be expressed as follows:

/11T:Iad = Irneff,core _nirT]eff,clad —‘ Ag /cos@: @

where, i represents the two orthogonal mode resonances, ] Ag is the period perpendicular to the

grating planes, 6 is the tilted angle, and n and N .4 represent the effective indices of

eff,core

the core mode and the mth cladding mode, respectively. Also from Eq. (1), the surrounding
medium’s refractive index can affect the effective index of the cladding modes and then the resonant
wavelengths, which shows the fundamental principle for environmental parameters sensing.

In the experiment, we fabricated the TFG in hydrogenated (for photosensitivity enhancement
of fiber core) single mode fiber by using the scanning phase-mask technique and a frequency
doubled continuous wave Ar* laser (wavelength of 244nm). The UV laser beam was focused on the
fiber core by a cylindrical lens, and the phase mask with a period of 6.6 um was slanted with respect
to the fiber axis, with the angle as a key factor to determine the excitation of the cladding modes
and sensing capacity to the surroundings. After UV inscription, the TFG was annealed at 80°C for
48 hours to stabilize and remove residual hydrogen. Figure 1(b) shows the optical microscope image
of the tilted fringes in the fiber core of the TFG examined by a high-resolution microscope. The
tilted angle of the grating plane is ~82°, and the grating length is 15mm. The transverse field

distribution of the core mode and high-order cladding mode are simulated by using the finite element
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method, and the results are shown in Figure 1(c). Clearly, the light field can be extended into the
cladding and even to the fiber boundary, which promises the interaction with the surroundings or

coating layer.

3. Surface modification and characterization

To enhance the RH sensitivity of TFG, it is necessary to modify the fiber surface by depositing
the GO layer with abundant hydrophilic groups. A GO aqueous suspension with the concentration
of 2 mg/ml and the average nanosheet size of 50-200nm was purchased from Nanjing XFNANO
Materials Tech Co., Ltd, China. The employed TFG was firstly soaked in HNO3 solution (5% v/v)
for 1 hour at room temperature to remove the contaminant, and then thoroughly rinsed with
deionized (DI) water and ethanol for several times. The GO suspension was deposited on the surface
of the TFG by using a dip-coating technique [34]. For uniform GO deposition, two ends of the TFG
were clamped with two stages to keep the fiber straight and stationary. A multiple deposition method
was used to achieve the required sensitivity and precisely control the thickness of the GO deposition.
After each new monolayer is deposited onto it for taking preliminary RH measurements. For each
time, the grating region was immersed in the GO suspension for 20 min, and then naturally dried in
air for 5 min.

During the depositing process, the transmission spectrum of the TFG was monitored and
recorded in real-time with an optical spectrum analyzer (OSA). Figure 2 shows the spectral
evolution with the deposition times. As the deposition time increases, the spectrum gradually shifts
and attenuates as a result of the interaction between the cladding modes and the thicker GO layer
with a complex refractive index. The resonant wavelength red-shifts by ~3 nm due to the high
refractive index of GO layer. Therefore, the deposition of GO onto the TFG can be initially evaluated
according to the spectrum change of TFG.

After each GO deposition, the TFG was placed over a drop of water for the tentative RH
measurement. Since the environmental RH of the lab is ~55%, and the RH will be up to >80% over
the water drop, we could record and compare both spectra of the two cases. The results after the 28t
deposition are shown in Fig. 3(a). A significant wavelength shift was induced by the RH change
when the TFG was placed at a distance of about 1mm above the water drop. When the spectrum-
shift reached a maximum value, we stopped this deposition process. It is therefore possible to find
an optimal deposition thickness. Figure 3(b) gives the detailed results, showing the RH responses
as a function of deposition time. The spectrum shift reached the maximum value of ~0.5 nm after
the deposition time of ~450 min.

The employed multiple deposition method will result in a relatively uniform GO layer and
allow a controllable thickness. After the deposition, an optical microscope with high resolution was
used to characterize the surface morphology of the GO-deposited TFG. Figures 4(a) and 4(b) display
the microscope images before and after GO deposition, showing the GO film tightly and smoothly

deposited around the TFG surface. The zoomed cross-section of GO-deposited TFG was also



examined by scanning electron microscopy (SEM), as shown in Fig. 4(c). The thickness of GO
deposition is ~54 nm. Due to the unique Raman scattering properties of GO, we further
characterized the TFG surface without and with GO deposition layer by a Raman system at 432nm
laser excitation. Figure 4(d) plots the measured Raman spectra. Compared with the spectrum of the
bare one, the prominent bands can be observed around 1348 cm™ and 1598 cm-t, which verifies the
D and G Raman vibrational modes of graphitic carbon sheet, respectively [35]. The G band reflects
the first-order scattering of the in-plane optical photon E>g mode, and D band is induced by the
boundary effect of the presence of structural imperfections and the attachment of hydroxyl and
epoxide groups [34, 36]. The above characterizations revealed that the GO was effectively and
tightly modified on the TFG surface.

4. Experiment results and discussions

To examine the RH response, the fabricated sensor was fixed and sealed in a home-made gas
chamber, and a commercial hygrometer with the accuracy of 0.1%RH was embedded inside to
measure the real-time RH. Figure 5 schematically depicts the experimental setup for examining the
RH sensing performance. Light from a broadband supercontinuum (superK) source was launched
into the GO-deposited TFG via a fiber polarizer and polarization controller (PC) to adjust the
polarization state of input light, and the transmission spectra were monitored by the OSA. For the
RH control module, the dry nitrogen from the gas cylinder was divided two paths with a Y-tube, and
each path connected a flowmeter to control the flow rate. One of the paths was inserted into the pure
water to generate the saturated humid gas. Then, the two paths were mixed with another Y-tube to
the inlet of the chamber, thus the RH level inside could be controlled by individually adjustable flow
rates [24, 37].

The maximum range of RH level controlled by our gas humidity module is 25%~85%. In the
measurement, we increased the RH from 30% to 80% and then gradually decrease to the initial state.
To avoid the temperature effect on the RH test, we kept track of the room temperature variation
during the experiment. Figure 6(a) shows the spectra of the GO-deposited TFG with different RH
levels at a given room temperature (~22°C), monitoring two resonance modes in the range of
1490~1570nm. Clearly, as the RH increasing, the GO film around the TFG absorbed more water
vapors and induced an increase of the refractive index, resulting in a redshift of the resonant
wavelengths and an attenuation of coupling intensity. The results are plotted in Fig. 6(b). In the
range of 30%~80%RH, the extracted resonant wavelength and coupling intensity linearly change
with the increasing RH, and the corresponding response coefficients from the linear fitting results
are 18.5 pm/%RH with the R-square value of 0.998 and 0.027 dB/%RH with the R-square value of
0.994, respectively. The RH sensitivity is much higher than that of bare TFG which almost remains
unchanged with RH variation. The RH response of Dip 2 has a similar measurement result.

The sensing enhancement of TFG with GO deposition can be explained by the permeation

mechanism of water molecules into the GO layer. It has been proved that GO membranes which are



a collection of micro-sized crystallites stacked on each other, have high performance for the
detection of vapor molecules [38]. The hydroxyl and epoxide groups attached to graphene sheets
are helpful in keeping the relative large interlayer distance of the crystallites, and form the two-
dimensional GO nanochannels allowing low-friction flow of monolayer water. The transport speed
of water molecules in the channels formed by the gaps between micro-sized crystallites is close to
1 m-s1 [39], which is responsible for the fast response properties of GO-based humidity sensors,
and also can be verified by the next experiment. Differential pressure occurs as the increase of
humidity, leading to the growth of the interlayer distance, and then more water molecules fill into
the GO capillaries, leading to the increase of the refractive index of GO laminates and the shift of
the TFG resonance wavelength. More importantly, the process of absorption and desorption of
moisture was found to be reversible with varying RH [38].

The hysteresis response of the fabricated sensor was measured by ascending and descending
RH level from 30% to 80%. Figure 6(c) shows the results of the two measurements. The sensor
shows very low hysteresis and stable RH response. Especially in the low RH level, there is almost
no changes in the spectrum, as shown in the inset of Fig. 6(c). The GO-deposited TFG can therefore
be reversible due to the absorption and desorption of GO to water molecules.

As aforementioned, the larger interlayer spacing for low-friction flow of monolayer water due
to abundant hydroxyl and epoxide groups of GO will be expected to achieve the RH sensing with a
fast response. To obtain the response time, we directly monitored a human breath with different
breathing frequencies. The resonant dip of the GO-deposited TFG was considered as an edge filter,
and a narrowband light signal with the bandwidth of ~0.2 nm from a tunable laser was launched
into the TFG. The narrowband light was fixed at the wavelength close to the resonant dip, and then
the output light power was detected with a photodetector and displayed with an oscilloscope. Since
the human breathing contains much water vapors, the wavelength shift of the resonant dip will lead
to the power decrease of transmission. Figure 7 shows the periodical change of transmission power
with the rhythmically breathing wet-air interacting with the GO-deposited TFG. The transmission
power or the converted voltage immediately rise with both normal (test 1) and rapid breathing (test
2), as shown in the top and bottom parts of Fig. 7(a), respectively. According to Fast Fourier
Transformation (FFT) results shown in Fig. 7(b), the breathing frequencies of the two tests are 0.7
Hz and 1.1 Hz, respectively. As revealed in Fig. 7(c), the response and recovery times are calculated
as ~42 ms and ~115 ms, respectively. The recovery time in the desorption process of moisture is
longer than the response time in the absorption process of moisture. In addition, the periodically
reversible maximum and minimum powers and the aforementioned low hysteresis reveal that the
proposed sensor has a good repeatability and reliability during the breathing cycles.

From Table 1, the sensitivity of the proposed sensor is roughly equivalent to other fiber-based
RH sensors. However, owing to GO’s superpermeability to water molecules and only 54nm-thick
layer, the fabricated RH sensor exhibits the fastest response speed. For instance, PVA, PMMA or

polyimide based (or coated) FBG/TFBG have the response time of more than 2 s even to 22 min|[8,



9, 13, 18], Di-ureasil coated FBG has the response time of 8.1 min [10]. It should be noted that there
are also some (reduced) GO-coated hollow core fiber, polished fiber or TFBG for humidity sensing,
however they show the longer response time of 1~5.2 s limited by the thicker GO layer with
submicron-to-micron thickness [5, 7, 14]. Therefore, this fast response and recovery time of the
fabricated sensor can achieve the human breath monitoring in real-time. Moreover, different from
stain- or temperature-based breath monitoring techniques [40, 41], the proposed scheme is non-
contact monitoring and can detect the breath depth distinguished by the amplitude of the output

waveforms.

Table 1. Comparison of sensing performance between optical fiber-based RH sensors.

Sensor Range (RH) Sensitivity  Response  Recovery
Polished fiber with rGO [5] 75%-95% 0.31 dB/%RH 5s 15s
rGO-coated hollow core fiber [7] 60%-90% 0.22 dB/%RH 52s 8.1s
GO-coated TFBG [14] 10%~80% 0.129 dB/%RH 1s NA
GO-coated etched-TFBG [15] 20%~80% 0.01 nm/%RH 12.25 min 21.75 min
PVA coated hybrid fiber grating (8] 30%-95%  _g b ooy =2 NA
Polyimide coated FBG [9] 20%-90% 0.00171 nm/%RH >335 NA
Di-ureasil coated FBG [10] 15%-95% 0.022 nm/%RH 8.1 min NA
Polymer FBG [11] 50%-95% 0.035 nm/%RH 30 min NA
TFBG with PVA [13] 20%-98% 2.52 dBm/%RH 2s NA
Polyimide coated FBG [18] 12%-97%  0.0136 nm/%RH 22 min NA
GO-deposited TFG (This work) > (30%-80%) 0.0185 nm/%RH  0.042 s 0.115s

5. Conclusions

In summary, an optical fiber-based humidity sensor with ultrafast response is proposed and
experimentally demonstrated. By depositing GO onto the surface of TFG with large tilted angle, the
structure supports strong interactions between the cladding mode resonances and GO layer. The
intensity and wavelength of cladding mode resonances of the TFG vary with the GO depositing due
to the complex refractive index property. The investigations of optical microscopy, SEM, Raman
spectroscopy verify effective and tight GO deposition. Since the absorption of moisture changes the
effective index of cladding modes, the transmission spectrum of the TFG shows a linear spectrum
redshift and power responses with the increase of RH level. The experimental results show
sensitivities of 18.5 pm/%RH and 0.02 dB/%RH with highly linear coefficient in the dynamic range
of 30%-80%RH. In addition, the sensor is successfully applied to monitor human breathing cycles
with different frequencies, which exhibits a response time within tens of milliseconds due to the
thin GO layer. Therefore, the proposed all-in-fiber RH sensor with high reversibility, repeatability,
and especially ultrafast response is a promising alternative for situations where the device
compactness and dynamic RH change are required, such as industrial process controls, meteorology;,

and various medical diagnostics including human breath monitoring.
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Fig. 1. (a) Schematic of the TFG with large tilted angle, (b) optical microscope image of the tilted fringes

in the fiber core, and (c) simulated core mode and high-order cladding mode fields in the fiber.
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Fig. 2. Spectral evolution of the TFG during the GO depositions.
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Fig. 3. (a) Spectrum shift of the TFG for a tentative RH test, and (b) the corresponding wavelength shift

as a function of the deposition time.
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Fig. 4. Optical microscope images of (a) bare and GO-coated TFG at the magnification of 60x, (c) SEM

image of the zoomed cross section of the GO-coated TFG, and (d) Raman spectra of bare and GO-coated
TFG showing the G and D bands of GO.
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Fig. 5. Experimental setup of GO-deposited TFG for the RH response.
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Fig. 7. (a) Responses of GO-deposited TFG to human breathing, including normal (top) and rapid
(bottom) breathing, and (b) their FFT results, displaying different breathing frequencies. (c) Enlarged
view of the temporal waveform to evaluate the response and recovery time.
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