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	 We report on a fiber optic relative humidity (RH) sensor by coating negatively 
charged poly(sodium-p-styrenesulfonate) (PSS) nanoparticles and positively charged 
poly(allyamine hydrochloride) (PAH) nanoparticles on the endface of an intrinsic 
Fabry-Perot interferometer (IFPI) by a layer-by-layer (LbL) electrostatic self-assembly 
method.  The IFPI, formed by a section of a hollow-core photonic crystal fiber (HCPCF) 
and standard single-mode fibers (SMFs), is fabricated using a fusion splicer.  The LbL 
electrostatic self-assembly process of a PAH/PSS multilayer is traced with a quartz 
crystal microbalance and shows a fast thickness growth.  The optical response of the 
modified RH sensor to different RH values is evaluated on the basis of the maximum 
fringe contrast of the interference fringes in the reflective spectra.  A high sensitivity of 
0.08 dB/%RH is achieved.  It shows response times of 2 and 6 s in the RH increasing and 
decreasing processes, respectively.  In addition, the IFPI sensor has good stability and 
highly reversible performance.  The proposed sensor shows excellent thermal stability as 
well.

1.	 Introduction

	 Optical-fiber-based relative humidity (RH) sensors have attracted increasing interest 
in recent years because of their distinct advantages such as immunity to electromagnetic 
noise, small size, anticorrosion property, high sensitivity, and remote sensing.(1–3)  
Related techniques include direct spectroscopic methods,(4) evanescent waves,(5–7) in-
fiber grating,(6–12) and interferometric methods.(13)  A variety of chemical reagents have 
been used as sensing elements to prepare optical fiber humidity sensors, such as cobalt 
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chloride (CoCl2),(14) cobalt oxide (Co3O4),(15) or crystal violet.(16)  In most optical sensors, 
the sensitive reagents are immobilized in a solid matrix and attached to the fiber.  The 
matrix serves to encapsulate the reagent such that it is accessible to the analyte while 
being impervious to leaching effects.  A variety of polymers are being used in optical 
sensors, including silicones, poly (vinylchloride) (PVC), poly (tetrafluoroethylene) (PTFE), 
agarose, and cellulose derivatives.(17,18)   The choice of the support matrix is governed 
by parameters such as mechanical stability, permeability to the analyte, and suitability 
for reagent immobilisation.(19)  On the other hand, it may affect the performance of the 
sensor, particularly its selectivity and response time.
	 In our previous work, the use of poly (diallyldim-ethylammonium chloride)/poly 
(styrenesulfonate sodium salt) (PDDA/PSS)-coated Fabry-Perot (F-P) sensors(20) and 
TiO2-nanoparticle-coated F-P sensors(21) had been investigated for refractive index 
measurement.  The results indicated that the refractive index sensitivity of the coated F-P 
sensors could be effectively improved after the deposition of nanoparticle thin films. 
	 In this paper, we present a humidity sensor consisting of an F-P interferometer 
modified by PAH/PSS films.  In comparison with the other sensors, the sensor presented 
here has advantages of high sensitivity, large measurement range, and rapid response.  
The sensing mechanism is based on F-P tip Fresnel reflection interaction with the 
coating of the nanocomposites.  As the incident light guided propagates through the 
sensing region, the reflected coefficients are affected by the change in the environmental 
parameter, i.e., humidity.  This results in a modulated output from the fiber, which is used 
as the criterion for detecting the RH in the surrounding environment.

2.	 Theory of Principle

	 The optical fiber intrinsic Fabry-Perot interferometer (IFPI), formed by a section of 
a hollow-core photonic crystal fiber (HCPCF) and standard single-mode fibers (SMFs), 
is fabricated using a fusion splicer.  Then, the film is coated on the tip of the F-P sensor 
endface by the LbL technique.  The schematic of the coated F-P is shown in Fig. 1.
	 The schematic diagram of the thin-film-coated F-P sensor is shown in Fig. 1, which 
contains a short section of a hollow-core fiber.   Three cavities, the hollow-core fiber 
cavity, SMF cavity, and film cavity, which contain four reflection surfaces (M1–M4), are 
formed.  The lengths of the hollow-core fiber cavity, SMF cavity, and film cavity are L1, 
L2, and L3, respectively.  The cavity lengths of L1 and L2 are constants.  The refractive 

Fig. 1.	 (Color online) Schematic of coated F-P sensor.
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indices of the SMF, HCPCF, film, and environment are denoted as n0, nh, nf, and ne, 
respectively.  The power reflection coefficients at surfaces 1, 2, 3, and 4 are R1, R2, R3, 
and R4, respectively.  The hollow-core photonic crystal fiber guides light by photonic 
band-gap effects, which is created via a delicate two-dimensional periodic lattice of glass 
webs and hollow channels.(22)  Its refractive index can be regarded as nh = 1.  Thus, the 
power reflection coefficients R1 and R2 at the mirrors 1 and 2 are both equal to 

	 R1 = R2 = (nh – n0)2/(nh + n0)2,	 (1)

while the reflection coefficients R3 and R4 depending on the film refractive index and 
environment index can be expressed as 

	 R3 = (nh – nf)2/(nh + nf)2, R4 = (nf – ne)2/(nf + ne)2.	 (2)

	 The total reflected field from the sensor is given approximately by the sum of the 
first-order reflected fields from the four surfaces.(23–25)  The total reflected electric field  Er 
can thus be given as

	

Er = R1Ei + (1 − A1)(1 − R1) R2Eie− j2βL1 + jπ

+ (1 − A1)(1 − R1) · (1 − A2)(1 − R2) R3Eie− j2β(L1 + L2 )

+ (1 − A1)(1 − R1) · (1 − A2)(1 − R2) · (1 − A3)(1 − R3) R4Eie                     ,− j2β(L1 + L2 + L3 )

	(3)

where Ei is the input field, and A1, A2, and A3 are the transmission loss factors at reflection 
surfaces 1, 2, and 3, respectively.  β is the propagation constant of the guided mode of 
the fiber.

	 Itotal = |Er /Ei|2	 (4)

	 The effects are practically the same for the four surfaces and mainly cause a change 
in the background light intensity.  There is a π-phase shift at reflection surface 2, since 
light is reflected from an optically denser medium. 
	 According to eqs. (3) and (4), variations in the refractive index of the coated film 
and the external medium will lead to changes in the reflectance at the fiber-film interface 
and, therefore, in the sensor output signal.  Changes in the film thickness will also lead to 
changes in the reflectance at the fiber-film and film-external-medium interfaces. 
	 When the coated F-P sensor is used in humidity detection, the generation of a 
signal can be analyzed in terms of two conceptual steps.  The first one depends on the 
interactions that take place between the coated film and the external environment.   In 
the second step, the humidity modifies the refractive index of the film, and hence, the 
transmitted light power.  The stronger the interaction or modification of the refractive 
index of the film, the higher the sensitivity.  Increasing the concentration of water vapor 
inside the chamber will result in the adsorption of water on the film surface.  As a result, 
the overall refractive index of the film with adsorbed water will be lower than that of 
the degassed film.   Therefore, increasing the water vapor concentration will result in 
decreasing reflectance.
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	 In addition, the RH measurement based on eq. (4) is independent of the power of the 
input light.   Since both the thermal expansion coefficient and thermooptic coefficient 
of the fiber are very small, the measurement should be insensitive to the temperature 
variation.  No temperature compensation is therefore needed for the designed sensor.

3.	 Sensor Design

3.1	 Material
	 Concentrated H2SO4, ethanol, poly(allyamine hydrochloride) (PAH) (Mw = 70000 
g/mol), poly(sodium-p-styrenesulfonate) (PSS) (Mw = 70000 g/mol), and H2O2 were 
purchased from Aldrich.  The deionized water used in all the experiments was purified in 
a three-stage Milli-Q Plus 185 purification system and had an initial resistivity that was 
greater than 18.2 MΩ cm.

3.2	 Fabrication of nanocoating
	 In the process of sandwiched F-P sensor design, the lengths of the HCPCF and the 
subsequent SMF were chosen as 30 and 600 μm, respectively.   The optical fiber F-P 
sensor tip was cleaned using a piranha solution (7:3 of concentrated H2SO4 and 30% 
H2O2), washed with large amounts of deionized water and dried with nitrogen, obtaining 
negatively charged substrates.  The negatively charged tip was dipped into the positively 
charged PAH and negatively charged PSS solutions alternatively, each for 10 min at 
room temperature.  Between polycation and polyanion immersions, the sensor endface 
was rinsed with deionized water three times (1 min each time) to remove the excess 
absorbed material and dried with nitrogen.  The coating made by two dipping procedures 
was called a bilayer.  The same cycle was repeated until the desired numbers of bilayers 
were deposited.  The thickness of the nanocoating is characterized using a quartz 
crystal microbalance.  The electrostatic self-assembly deposition of PAH/PSS and the 
relationship between film thickness and bilayer number are shown in Figs. 2(a) and 2(b), 

Fig. 2.	 (Color online) (a) Electrostatic self-assembly deposition of PAH/PSS.  (b) Thickness 
growth of multilayers with increasing bilayer number.

(b)(a)

5 10 15
0

20

40

60

80

Bilayers

)
mn( ssenkcihT

 

 

+ ++
++ ++ ++ ++ ++ ++

+

+

+ ++
++ ++ ++ ++ ++ ++

+

+

Pretreatment PAH PSS

Repeat

Deionized 
Water

Deionized 
Water



Sensors and Materials, Vol. 26, No. 5 (2014)	 295

respectively.  We can see from Fig. 2(b) that the film thickness increases linearly with the 
bilayer number.  The average thickness is 4 nm/bilayer. 
	 The reflected spectra of the uncoated F-P sensor and F-P sensor coated with 15 layers 
are shown in Figs. 3(a) and 3(b), respectively.  To achieve the highest measurement 
resolution, we should always use the fringe that has the maximum fringe contrast.  To 
locate this particular fringe, we first locate the dip of the fringe envelope from the 
reflective spectrum, as shown Fig. 3(a) within the dip of the fringe envelope, and then 
identify the fringe that gives the maximum fringe contrast, which can be achieved by 
locating the absolute minimum dip (point B) and the adjacent peak (point A).  The 
corresponding fringe contrast is given by V = 10log10(R(λA)/R(λB)).  For the coated F-P 
sensor, the absolute minimum dip and the adjacent peak are B' and A', respectively.  It 
can be seen that the fringe contrasts of spectra decreased at a certain degree (from 19.08 
to 13.61 dB, with the 35% RH of the measurement environment).  It mainly depends on 
the reflected light of the reflected surface M3 and reflected surface M4.  It confirms the 
successful fabrication of the LbL electrostatic self-assembly nanocoating on the optical 
fiber F-P sensor.

4.	 Experiments and Analysis

	 This coated F-P sensor was then fixed in a specially designed plexiglass humidity 
chamber as shown in Fig. 4. 
	 The chamber had provisions for passing the compressed air and moist air.  A 
commercial moisture sensor based on capacitance phenomenon (from Rotronix, model: 
HygroFlex2) was fixed in the chamber for calibration.   The ratio of compressed air 
to moist air that passed inside the chamber was controlled to change the humidity 
inside the chamber to different levels.  The coated F-P sensor tip is firmly fixed in the 
chamber.  A reflective optical analyzer instrument (MOI SM130) was utilized to measure 
the reflective spectrum of the F-P sensor.  All data were real-time monitored using a 

(b)(a)

Fig. 3.	 (Color online) Interference spectra of F-P sensor before (a) and after (b) deposition of 
PAH/PSS multilayers.
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computer.   The film-coated optical fiber F-P sensor with (PAH/PSS) 15 nanocoated 
layers was tested in a humidity chamber with different relative humidities ranging from 
5 to 90%.  Figure 5 shows the fringe contrast change of the coated sensor to different 
relative humidities.  The RH detection sensitivity of 0.08 dB/%RH is obtained.  As the 
intensity resolution of the MOI SM130 is 0.01 dB, an RH resolution of about 0.125% is 
achieved.  It can also be seen that the fringe contrast of the coated RH sensor changes 
only slightly at the same RH environment during the 10-min measurement.  The good 
stability performance is verified.
	 In addition, the time response of the coated sensor is tested from high RH to low RH 
and the reverse process.  The optical spectrum analyzer keeps sweeping with a frequency 
of 1 kHz.  As shown in Fig. 6, the same fringe contrasts of the coated sensor were 
maintained while it was set in the same RH, no matter what tested order (RH increasing 
or decreasing). 
	 It can also be seen that when the RH rises, the response time (rise time: increasing 
from start to 90% of the measurement value) is 2 s, while in the RH decreasing process, 
its response time (fall time: decreasing from start to 90% of the measurement value) is 
6 s, which is longer.  It is because the water can quickly diffuse into the nanocoating.  
The response time can be further shorted by preparing a nanoporous multilayer film or a 
thinner multilayer film at the cost of decreasing sensitivity.
	 The thermal stability test measurement was carried out under a fixed humidity of 40% 
RH and changing the temperature from 20 to 100 °C.  Figure 7 gives the experimental 
results.   The fringe contrast was almost not affected (fluctuation <0.01 dB) by the 
temperature changes.   These experimental results show that the proposed humidity 
sensor is temperature insensitive.

Fig. 4.	 (Color online) Experimental setup for measurement of relative humidity.
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5.	 Conclusions

	 PAH nanoparticles and PSS polyelectrolytes have been successfully fabricated for 
the first time on a sandwiched-structure F-P interferometer tip by the LbL electrostatic 
self-assembly technique to form a novel RH sensor.  Experimental results show that the 
measurement range of 5–90% has been achieved with a maximum sensitivity of 0.08 
dB/%RH.  The response time is 2 s in the RH increasing process, whereas in the RH 
decreasing process, its response time is longer (6 s); moreover, the RH measurement is 
insensitive to temperature.  It is expected that this sensor will be used in a wide range of 
applications, including meteorological services and in the chemical and food processing 
industries.

Fig. 6 (left).  (Color online)  Time response and repeatability.
Fig. 7 (right).  (Color online)  Thermal stability of proposed sensor.

Fig. 5.	 (Color online) Relationship between humidity and fringe contrast.
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