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bstract

In this work, an optical humidity sensor based on a nanoporous polymeric photonic crystal (PC) is demonstrated. The PC sensing structure
s created by combining a holographic interference patterning technique with a modified holographic polymer-dispersed liquid crystal system.
hanges in relative humidity (RH) induce the modification of the refractive index contrast between the nanoporous and nonporous regions, and
hus the transmittance and bandgap position, of the PC structure. For a PC structure with 30% porosity and a grating spacing of 220 nm, a change
n the RH from 40% to 95% at 34 ◦C results in a redshift of 43 nm in the central wavelength at the PC bandgap and an increase from 12% to 87%
n the relative transmittance at λ = 600 nm. Other performance analyses have shown that the nanoporous polymeric PC-based humidity sensor is
ighly stable and reproducible, exhibits minimal hysteresis, and responds relatively fast.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Humidity control and monitoring has attracted increasing
ttention in recent decades due to its importance in applications
uch as agriculture, environment, medicine, and the semiconduc-
or industry [1–5]. Thus far, most studies in humidity-sensing

aterials have focused on porous ceramics [6–12] and polymers
13–20]. Porous polymers and ceramics have a large surface-to-
olume ratio, which allows highly sensitive detection of surface
lterations caused by the adsorption/desorption of water vapour.
n recent years, an increasing number of studies on porous
olymer-based humidity sensors have been reported, due to
olymers’ advantages such as low cost, ease of processing,
igh sensitivity, and excellent mechanical and chemical stabil-
ty. Changes in the resistance, capacitance, or optical properties
f porous polymers under different relative humidity (RH) can
erve as humidity-sensing mechanisms [21–25].

In this work, we report the design, fabrication, and charac-
erization of nanoporous polymeric one-dimensional photonic

rystals (PC) as a platform for optical humidity sensing.
ompared with the resistance- or capacitance-based humidity

ensors, optical sensors are immune to electrical noises and
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erization

ave high detection sensitivity. The nanoporous polymeric PCs
re created by combining a holographic interference patterning
echnique with a modified holographic polymer-dispersed liquid
rystal (H-PDLC) system [26,27]. Humidity sensing is achieved
hrough two mechanisms: changes in the RH-dependent refrac-
ive index (RI) contrast between the nanoporous and nonporous
egions, and reversible swelling of the polymeric structure at
igh RH regions. Both mechanisms change the transmission
ntensity and the bandgap position of the PC structures. The
anoporous polymeric PC-based humidity sensors we demon-
trate in this paper present advantages such as convenient
abrication process, amenability for miniaturization, high detec-
ion sensitivity, excellent stability and reproducibility over a
ide range of RH, minor hysteresis, and fast response time.

. Experiment

.1. Sample fabrication

Nanoporous polymeric one-dimensional PC structures were
abricated through a holographic photopolymerization process
28–30]. The fabrication setup is shown in Fig. 1. A homo-

eneous pre-polymer syrup was formed by thoroughly mixing
monomer (60 wt.% dipentaerythritol hydroxypentaacrylate

rom Aldrich), a photo-initiator (1 wt.% Rose Bengal from
pectra Group Limited), a co-initiator (3 wt.% N-phenylglycine

mailto:junhuang@psu.edu
dx.doi.org/10.1016/j.snb.2007.08.037
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Fig. 1. Schematic of the experimental setup for the fabrication of a nanoporous
polymeric one-dimensional PC. Optical components, including an argon ion
laser, a beam splitter, spatial filters and collimators, were precisely positioned
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Fig. 2. (a) TEM and (b) SEM images of the cross-sectional morphology of a
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n an optical table. A holographic interference pattern formed on the pre-
olymer syrup sandwiched between two glass slides. The inset is a schematic
f a nanoporous polymeric one-dimensional PC situated on a glass substrate.

rom Aldrich), liquid crystals (15 wt.% TL213 from Merck),
on-reactive solvent (15 wt.% toluene from Aldrich), and 3-
minopropyltriethoxysilane (APTES, 6 wt.% from Aldrich).
he syrup was then sandwiched between two pieces of glass.
he distance between the two glass slides was precisely con-

rolled by adding microbeads (3 �m in diameter) at the edge
f the syrup, thus defining the thickness of the PC structure. A
00 mW argon ion laser (λ = 514 nm, 10% P-polarized and 90%
-polarized) was used to generate an incident beam. In order to
chieve a better interference pattern, the incident laser beam was
plit by an S-polarized beam splitter to remove the P-polarized
omponent. After being filtered and collimated, the laser beam
as guided to pass into a prism. Thus, the incident beam and

ts total internal reflection created an interference pattern in the
yrup. A one-dimensional PC was fabricated by periodic modu-
ation of the high and low optical intensities in the interference
attern. The modulation period of the polymeric PC was con-
rolled by tuning the incident angle of the collimated beam. After
eing exposed to the interference patterning for 30 s, the samples
ere post-cured for 24 h in a chemical fume hood. Upon sepa-

ating the sample from the cover slide, a nanoporous polymeric
C structure situated on a glass slide was obtained (schematic

s shown in the insert of Fig. 1).
Fig. 2(a) and (b) shows the cross-sectional morphology of a

anoporous polymeric PC sample, observed by bright field trans-
ission electron microscopy (BF-TEM) and scanning electron
icroscopy (SEM), respectively. One of the nanoporous regions

s enclosed by a dashed square in both the SEM and the TEM
mages. The pore diameters range from a few nanometers to tens
f nanometers, and the porosity of the polymeric PC structure
s ∼30%.
.2. Measurement principle

The bandgap characteristic of a PC is determined by its
I contrast and filling ratio [31,32]. For the nanoporous poly-

w
h
t
l

anoporous polymeric one-dimensional PC. The grating spacing of the PC is
bout 220 nm. Dashed squares are used in both (a) and (b) to enclose one of the
anoporous regions.

eric PC structure used in this work, the RI contrast between
he nanoporous and nonporous regions plays a key role in
ts bandgap behaviour. With increasing RH, the nanoporous
egions adsorb water molecules and the RI of these regions
ncreases. Meanwhile, the nonporous regions barely adsorb
ater molecules and the RI remains constant. As a result, the
I contrast between the nanoporous and nonporous regions
ecreases, the bandgap position redshifts, and the transmittance
t the bandgap increases. In addition, at high RH regions, minor
eversible swelling of the polymeric PC structure occurs, caus-
ng changes in the filling ratio, the bandgap position, and the
ransmittance. Thus, the humidity sensing of our nanoporous
olymeric PC structures is based on two mechanisms: changes
n the RH-dependent RI contrast between the nanoporous and
onporous regions, and reversible swelling of the polymeric
tructure at high RH regions.

.3. Measurement setup

Fig. 3 depicts the schematic of the optical measurement setup
or humidity sensing. White light produced by a halogen lamp
LS-1 Tungsten Halogen Light Source, Ocean Optics Co.) was
sed as the source beam in the experiments. Two optical fibres

ere aligned on both sides of a glass/PC sample using fibre
olders. The fibres were fixed in the fibre holders using connec-
ors (SMA 905, Ocean Optics Co.) with integrated collimating
enses (200–2000 nm 74-UV Collimating lens, Ocean Optics
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Fig. 3. Schematic of the humidity-sensing measurement setup. The polymeric
PC structure coated on a glass substrate was fixed upon a Teflon base, and two
optical fibres (source and readout) were aligned by fibre holders and located
within a humidity chamber. A halogen lamp was used to generate white inci-
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Fig. 4. (a) The transmittance spectra of a typical nanoporous polymeric PC at
various RH. (b) The transmittance spectra of the PC at 95% RH recorded at t = 0,
2
n

d
a

i
t
r
o
l
b
t
t
e
a
s
i
s

ent light. An ocean optics measurement system, including spectrometer and
oftware, recorded and analyzed output signals.

o.). The PC sample coated on a glass substrate was fixed on
Teflon base to ensure that the PC structure was normal to the

ollimated light (with divergent angle less than 2◦). After pass-
ng through the sample, the light was collected, collimated, and
uided to a spectrometer (HR4000, Ocean Optics Co.) where
he transmitted optical signal was measured for a spectral range
f 400–1000 nm. A humidity chamber (ESPEC North America
nc., SH-241) was used to control the operating temperature and
umidity. The RH inside the humidity chamber could be adjusted
o any number between 40% and 95%. However, since the cham-
er required almost 15 min to adjust humidity, a smaller quartz
hamber (4 cm × 4 cm × 4 cm) and an oscillating water vapour
ource (between 20% and 100% RH) were used to characterize
he response time.

. Results and discussion

Fig. 4(a) shows the spectral response of the nanoporous poly-
eric PC to different RHs at a constant temperature (34 ◦C).
he central wavelength (λBragg) of the photonic bandgap for the
olymeric PC structure redshifts from 615 to 658 nm as the RH
ncreases from 40% to 95%. λBragg can be estimated using the
ragg’s Law [33]:

Bragg = 2naveΛ (1)

here nave is the average refractive index and Λ is the grating
pacing. At 40% RH, nave is estimated as 1.404, assuming 30%
orosity, npolymer = 1.52, nair = 1, and nwater = 1.33. Based on Eq.
1) and the data presented in Fig. 1, the grating spacing Λ is cal-
ulated to be 219 nm, which is in excellent agreement with the
EM/SEM measurement results (∼220 nm) from Fig. 2. When

he RH is changed to 95%, nave is measured to be 1.459, and
he grating spacing is calculated to be 225 nm, which indicates
hat minor swelling of the polymeric structure occurs at a high-

umidity environment. In order to test the long-term stability of
his polymeric PC structure at high RH, the spectra at 95% RH
ere recorded continuously for 4 h (Fig. 4(b)). The central wave-

ength and transmittance of the bandgap remains unchanged

m
s

e

and 4 h. The relative transmittance is the ratio of the transmitted signal to the
ormalized incident light.

uring this time period, indicating the sensor’s excellent stability
t high RH regions.

Fig. 4(a) also shows that the transmittance at the PC bandgap
ncreases with RH. This phenomenon is caused by the varia-
ions in the RI contrast between the nanoporous and nonporous
egions and the minor swelling of the polymeric PC structure
ccurred at the high-RI regions. Higher humidity will lead to
ower RI contrast, and thus, higher transmittance at the PC
andgap. As water vapour saturates the nanopores, the PC struc-
ure becomes more isotropic (the RI of water vapour is closer to
hat of the polymer than to that of the air voids) and its bandgap
ffect diminishes, resulting in increasing transmitted intensity
t the bandgap. The increase of relative transmittance with RH
uggests that the structure can be used as a quantitative humid-
ty sensor. Moreover, the total transparency of the polymeric PC
tructure also changes as the bandgap redshifts; this mechanism
akes the structure suitable as a portable colorimetric humidity
ensor.
Fig. 5 depicts the dependence of transmittance on RH at sev-

ral characteristic wavelengths. When the chosen characteristic
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ig. 5. The dependence of relative transmittance on RH at different characteristic
avelengths.

avelength decreases from 615 nm (the central bandgap wave-
ength at 40% RH) to 565 nm, the magnitude of change in relative
ransmittance decreases and the relative transmittance-versus-
H curves exhibit greater linearity. These results suggest that
ur humidity sensors offer tunable sensitivity and linearity.

Fig. 6 shows the variation of relative transmittance
λ = 600 nm) to an RH-increasing and -decreasing cycle. When
H is changed from 40% to 95%, the relative transmittance

ncreases from 12% to 87%, indicating the high sensitivity. Here
e define the detection sensitivity as the ratio of the change in

elative transmittance to the RH change (�I/�RH) at a certain
avelength in the bandgap. The sensor also demonstrates excel-

ent stability and reversibility because its transmittance returns to
he same value after one humidity increasing/decreasing cycle.

inor hysteresis is observed during the cycle. It is likely due to
he different mass transport kinetics between the vapour adsorp-

ion and desorption processes. The difference in mass transport
inetics results in unequal amounts of water molecules trapped
n the nanopores for the two processes (adsorption and desorp-
ion) at the same RH. The hysteresis observed in our system is

ig. 6. Variation of the relative transmittance at 600 nm to an RH increas-
ng/decreasing cycle. The solid squares represent the adsorption (RH increasing)
rocess, and the circles represent the desorption (RH decreasing) process.

s
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ig. 7. The time-dependent transmittance curve (λ = 595 nm, T = 20 ◦C) as the
H oscillates between 20% and 100% for multiple cycles.

onsidered rather minor compared to the results from previously
eported studies [22,34].

The stability and repeatability of the humidity sensors over
large RH range is further demonstrated in a multi-cycle

xperiment in which saturated water vapour (100% RH) was
eriodically introduced to the smaller quartz humidity chamber
here the RH was maintained to be 20%. Fig. 7 shows that as

he RH periodically oscillates between 20% and 100%, the rela-
ive transmittance at the wavelength of 595 nm switches between
5% and 98%. This response is highly reproducible as we see
hat the difference in relative transmittance for more than 100
xperimental cycles is less than 1%. Fig. 7 also shows that the
umidity sensor responds more quickly to the adsorption pro-
ess (from 20% to 100% RH) than to desorption (from 100% to
0% RH). This indicates that it takes longer for water molecules
o diffuse from nanopores to the environment than by the oppo-
ite route. It is observed that the relative transmittance changes
rom 15% (almost opaque) at 20% RH to 98% (transparent) at

00% RH. This large change in transmittance enables conve-
ient, sensitive, and cost-efficient optical measurement using a
ingle wavelength (595 nm).

ig. 8. The time-dependent transmittance curve (λ = 595 nm, T = 20 ◦C) as the
H increases from 20% to 100%.
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Fig. 8 indicates that the response time for the adsorption pro-
ess (from 20% to 100% RH) is about 1.5 s, while Fig. 7 shows
hat the desorption process takes 20–30 s. The response time and
ensitivity of the sensor are dependent upon its porosity. Based
n Eq. (1), the bandgap position of a PC structure is dependent
pon its average RI. Higher porosity or smaller pore size leads to
larger surface-to-volume ratio and consequently, more water
olecules are trapped in the nanopores. As a result, the change

n the average RI is larger, and the shift of the bandgap position
s more significant. By adjusting the porosity, film thickness
nd grating spacing, we can achieve nanoporous polymeric PC-
ased humidity sensors that can meet different requirements in
esponse time and bandgap shift.

. Conclusion

A humidity sensor based on a nanoporous polymeric PC
tructure is shown to be sensitive, robust, quickly responding,
nd cost efficient. The PC sensing structure is fabricated by com-
ining a holographic interference patterning technique with a
odified H-PDLC system. The bandgap of the PC structure

hifts when water vapour penetrates the nanopores, changing
he RI contrast between the porous and nonporous regions.
or a PC structure with 30% porosity and a grating spacing
f 220 nm, as the RH changes from 40% to 95% at 34 ◦C, the
entral wavelength of the PC bandgap redshifts 43 nm and the
elative transmittance at λ = 600 nm increases from 12% to 87%.
he nanoporous polymeric PC-based humidity sensor demon-
trates excellent reversibility and reproducibility. When the RH
scillates between 20% and 100%, the relative transmittance
t 595 nm switches between 15% and 98% reproducibly—less
han 1% difference in the relative transmittance upon the same
H (20% or 100%) is observed upon hundreds of experimen-

al cycles. The response time for the absorption process is
bout 1.5 s, and the desorption process takes 20–30 s. More-
ver, the response time and the bandgap shift can be optimized
y altering fabrication parameters, such as porosity and grating
pacing.
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