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a b s t r a c t

Here we report the sensitive and reversible detection of vapors by using self-assembled colloidal pho-
tonic crystals. The condensation of various vapors in the interstitials of silica colloidal photonic crystals
leads to red-shift and amplitude reduction of optical stop bands. A linear relationship between wave-
length shift and vapor partial pressure has been observed for a variety of vapors including ethanol, water,
and toluene. Importantly, the sensitivity of colloidal photonic crystal-based vapor detectors can be
improved by nearly two orders of magnitude by using a new full-peak analysis technique that takes
advantage of the manifest amplitude reduction of optical stop bands during vapor condensation. Optical
simulation based on a scalar-wave approximation model shows that the predicted optical responses dur-
ing vapor condensation in colloidal photonic crystals agree well with experimental results. The conden-
sation of vapors between submicrometer-scale microspheres, a topic that has received little examination,
has also been investigated by both experiments and theoretical calculations. Predictions based on a mod-
ified Kelvin equation match with the experiments for a wide range of vapor partial pressures.

Published by Elsevier Inc.
1. Introduction

Photonic crystals, also known as photonic band gap materials, are
periodic dielectric structures with a forbidden gap for electromag-
netic waves, analogous to the electronic band gap in semiconductors
that lies at the heart of silicon technology [1–2]. Exemplified by gem-
stone opals, three-dimensional (3-D) photonic crystals are readily
available by spontaneous crystallization of colloidal microspheres
[3–10], making them a fertile test-bed for investigating new con-
cepts and devices based on tunable structural colors [11–15]. A large
variety of applications, such as diffractive optical devices (e.g., opti-
cal filters and switches) [7,16–18], chemical and biological sensors
[19–21], and high-density optical data recording materials [22,23],
have been developed by exploring optical responses of self-assem-
bled colloidal photonic crystals. The peak positions of photonic band
gaps (or more precisely, optical stop bands) of 3-D colloidal photonic
crystals are governed by the Bragg diffraction equation:
kpeak ¼ 2� neff � d� sin h, where neff is the effective refractive index
of the diffractive medium, d is the inter-plane distance, and h is the
light incident angle. By tuning the effective refractive index and/or
the inter-plane distance through different mechanisms [24–35],
such as solvent swelling, mechanical deformation, and applying
external electrical and magnetic fields, tunable photonic crystals de-
vices (e.g., full color displays and photonic papers) have been dem-
onstrated [36–40].
Inc.
Self-assembled photonic crystals [41–52], such as 1-D titania/sil-
ica multilayers and 2-D porous silicon, have also been widely used in
sensitive vapor detection. The concentration of vapors can be de-
duced by monitoring the change of optical properties, such as wave-
length shift of the optical stop bands or the Fabry–Perot fringes of
the diffractive media during vapor condensation. 3-D photonic crys-
tals, such as blue-colored Morpho butterfly wing scales which exhi-
bit unusual optical diffraction and interference, have recently been
demonstrated for highly selective vapor detection [53]. Unfortu-
nately, the limited material selection of these natural 3-D photonic
crystals and the irreversible structural change induced by certain va-
pors impede the development of reproducible and reusable vapor
sensors that can be operated over a wide range of temperatures.
Self-assembled 3-D colloidal photonic crystals have also been inves-
tigated for vapor sensing. Polymer embedded colloidal crystals are
frequently used to maximize the wavelength shift of the Bragg dif-
fraction peaks [52,54], though swelling of the polymer matrix in-
stead of capillary condensation of condensable vapors is the
mechanism for vapor sensing. The absorption of chemical species
in mesoporous synthetic opals has been studied and the condensa-
tion of vapors occurs mostly in the mesopores of the microspheres
[55]. The capillary condensation of vapors in layer-by-layer assem-
bled nanoparticle thin films has also been interrogated to facilitate
the fabrication of heterostructured thin films with modulated
refractive index profiles [56].

Here we report the sensitive and reversible detection of vapors
by using self-assembled 3-D colloidal photonic crystals. Colloidal
silica photonic crystals prepared by a convective self-assembly
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technology are used in the current work [6]. Compared to macro-
porous polymer vapor detectors which have been described in
our recent publication [57], the good chemical resistance, negligi-
ble solvent swelling, and high thermal stability of silica micro-
spheres enable the detection of a large variety of polar and
nonpolar vapors over a wide range of operating temperatures.
However, the lower volume fraction of voids in self-assembled col-
loidal crystals (�0.26) than that of templated macroporous poly-
mer membranes (�0.74) reduces the amount of condensed
vapors in the diffractive media and thus affects the detection sen-
sitivity. We have therefore developed a novel full-peak analysis
technique that improves the detection sensitivity by nearly two or-
ders of magnitude. Most importantly, the condensation of vapors
in between submicrometer-scale microspheres, a topic that has re-
ceived little examination while has important technological appli-
cations (e.g., in creating broadband antireflection coatings) [56,58],
has also been systematically investigated by both experiments and
theoretical calculations.
(a)

1 μμm

(b)

1 μm

Fig. 1. SEM images of a colloidal photonic crystal consisting of 260 nm silica
microspheres fabricated by convective self-assembly. (a) Top-view and (b) side-
view.
2. Experimental

2.1. Materials and substrates

The reagents used for the synthesis of silica microspheres includ-
ing tetraethyl orthosilicate (TEOS, 98%) and ammonium hydroxide
(28%) were purchased from Sigma–Aldrich. Ethanol (200-proof)
was obtained from Pharmaco Products. All solvents and chemicals
were of reagent quality and were used without further purification
except for TEOS, which was freshly distilled before use. Glass micro-
slides and scintillation vials (Fisher) were cleaned in a ‘‘Piranha’’
solution (a 3:1 mixture of concentrated sulfuric acid with 30%
hydrogen peroxide) for half an hour, rinsed with Milli-Q water
(18.2 MX cm), and dried in a stream of nitrogen.

2.2. Instrumentation

Scanning electron microscopy (SEM) was carried out on a JEOL
6335F FEG-SEM. A thin layer of gold was sputtered onto the sam-
ples prior to imaging. Normal incidence optical reflection spectra
were obtained using an Ocean Optics HR4000 High Resolution Fi-
ber Optic Vis-near-IR spectrometer with a reflection probe.

2.3. Preparation of colloidal photonic crystals by convective self-
assembly

The synthesis of monodispersed silica microspheres with less
than 5% diameter standard deviation was performed by following
the Stöber method [59]. The as-synthesized silica microspheres
were purified by multiple centrifugation/re-dispersion cycles (at
least four times) in 200-proof ethanol. The final particle volume
fraction of colloidal suspensions was adjusted to 1%. A clean glass
microslide was placed vertically into 15 mL of purified silica alco-
sol contained in a scintillation vial. The vial was covered by a crys-
tallizing dish to keep out external airflow and contamination. The
entire apparatus was placed on a vibration-free bench in a temper-
ature-controlled laboratory (22 ± 1 �C). The spontaneous crystalli-
zation of silica microspheres at a meniscus between the vertical
substrate and the colloidal suspension led to the formation of
highly ordered colloidal photonic crystals as the meniscus was
slowly swept across the substrate by solvent evaporation [6].

2.4. Experimental apparatus and procedures for vapor detection

The self-assembled silica colloidal photonic crystal was placed
horizontally in a home-made environmental chamber. The chamber
was evacuated and then back-filled with a condensable vapor with a
specific pressure (measured by a Fisher diaphragm vacuum gauge).
Dry nitrogen was used to control the total pressure of the chamber to
be 1 atm. A reflection probe connected to an Ocean Optics Vis-near-
IR spectrometer was sealed in the environmental chamber to mea-
sure the specular optical reflectance from the colloidal photonic
crystal. A calibrated halogen light source was used to illuminate
the sample. The beam spot size was about 3 mm on the sample sur-
face. Measurements were performed at normal incidence and the
cone angle of collection was less than 5�. Absolute reflectivity was
obtained as the ratio of the sample spectrum and a reference spec-
trum. The reference spectrum was the optical density obtained from
an aluminum-sputtered (1000 nm thickness) silicon wafer.

3. Results and discussion

The colloidal photonic crystals used for the vapor sensing exper-
iments were prepared by the convective self-assembly technology
[6]. Planar colloidal single crystals with tunable thickness can be
easily assembled over centimeter-sized areas on various substrates
by using this methodology. Fig. 1a shows a top-view SEM image of a
silica colloidal crystal consisting of 260 nm diameter microspheres.
The sample exhibits an hexagonally ordered, close-packed arrange-
ment of silica spheres over a sample area of 50 lm2 which indeed
extends over the whole sample surface. While order within the
(111) plane parallel to the substrate is important, the stacking of
close-packed layers perpendicular to the substrate is responsible
for the optical diffraction observed in normal-incidence reflectance
measurements. Colloid crystal films were thus abraded to reveal the
stacking perpendicular to the substrate as shown in Fig. 1b. This
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cross-sectional SEM image shows that the close-packed structure
extends uniformly over 20 colloidal layers. Although the convective-
ly assembled colloidal crystals are single crystals (as evidenced by
the uniform diffractive color and the unidirectional crystallographic
orientation), common defects such as cracks and point defects are
observed routinely in SEM images.

The self-assembled colloidal photonic crystal was placed hori-
zontally in a home-made environmental chamber and then exposed
to a condensable vapor with a specific partial pressure. Dry nitrogen
was used to control the total pressure of the chamber to be 1 atm.
The normal incidence specular reflectance spectra from the colloidal
photonic crystal were obtained by using an in situ Vis-near-IR spec-
trometer. By monitoring the time dependence of the specular reflec-
tance spectra at different sensing conditions (e.g., different vapor
partial pressures and temperatures), we found that the condensa-
tion equilibrium was reached in less than 1 min for all conditions
used in this work. Fig. 2a shows the reflectance spectra obtained
from a colloidal photonic crystal consisting of 260 nm silica micro-
spheres exposed to ethanol vapors with different partial pressures
(from⁄⁄⁄0P0 to 1.0P0) at 70 ± 1 �C. P0 is the saturation vapor pressure
of ethanol at this temperature. All spectra display distinct Bragg dif-
fraction peaks with well-defined Fabry–Perot fringes, indicating
high crystalline quality of the self-assembled colloidal photonic
crystals. When the partial pressure of ethanol vapor was increased,
ethanol condensed in the interstitials between the close-packed
silica microspheres, leading to a higher effective refractive index of
the diffractive medium and a smaller dielectric contrast between
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Fig. 2. (a) Normal-incidence specular reflection spectra obtained from a colloidal
crystal consisting of 260 nm silica microspheres exposed to ethanol vapors with
different partial pressures. (b) Dependence of the shift and the integrated response
of the zeroth-order Bragg diffraction peak vs. ethanol partial pressure.
the silica spheres and the surrounding medium. This leads to the ob-
served red-shift of the Bragg diffraction peaks and the reduction of
the amplitude of the optical stop bands as shown in Fig. 2a [60].
The optical properties of the colloidal photonic crystals were fully
recovered when the condensed ethanol was evaporated. The pho-
tonic crystal films can thus be reused many times for reproducible
vapor detection.

The principle of colloidal photonic crystal vapor detectors is to
monitor the wavelength shift of the diffraction peaks (Dkpeak) when
the samples are exposed to different environment. Thus a linear re-
sponse of Dkpeak vs. vapor partial pressure is crucial for determining
the vapor contents. Fig. 2b shows that the shift of the zeroth-order
Bragg diffraction peaks (compared to the control sample exposed
to pure nitrogen gas) is nearly linear with ethanol partial pressure.
The maximum wavelength shift of �10 nm was achieved when
the colloidal photonic crystal was exposed to a saturated ethanol va-
por. Similar maximum wavelength shift was obtained for other sat-
urated vapors (e.g., water and toluene). This indicates that the
detection sensitivity of colloidal photonic crystal-based vapor
detectors is �10 nm per saturation vapor pressure unit (P0). To sig-
nificantly improve the detection sensitivity, we developed a novel
full-peak analysis technology which takes advantage of the manifest
amplitude reduction of the Bragg diffraction peaks during vapor
condensation. Instead of using the conventional method for merely
monitoring the small peak shift, we calculated the integrated re-
sponse of the zeroth-order Bragg diffraction peak by using the inte-
gration tool of the OriginPro 8.5 software which can automatically
determine the peak range of the diffraction peak. The well-defined
Fabry–Perot fringes also enable manual picking of the range of the
zeroth-order Bragg diffraction peak. It is worthy to mention that
full-peak analysis is commonly used in other detection methods,
for example, IR spectroscopic sensors, gas chromatography, and
many others. Our full-peak analysis method can be easily used for
self-assembled photonic crystals with more than 3–4 colloidal mon-
olayers which show distinct zeroth-order Bragg diffraction peak and
Fabry–Perot fringes [60]. Fig. 2b shows that the integrated response
of the zeroth-order diffraction peaks from the (111) lattice planes is
also linear with ethanol partial pressure. The integrated response of
the colloidal photonic crystal exposed to pure nitrogen gas and sat-
urated ethanol vapor is 2410 ± 18 nm and 1715 ± 13 nm, respec-
tively. This corresponds to a detection sensitivity of 695 nm per
saturation vapor pressure unit, which is almost two orders of mag-
nitude higher than that obtained by the conventional peak-shift
analysis technique.

Compared to macroporous polymer vapor detectors [57], the
good chemical resistance and negligible solvent swelling of silica
microspheres enable the reversible and reproducible detection of
a large variety of vapors ranging from water to toluene. Fig. 3a
shows that the optical response of water vapor detection at
90 ± 1 �C is quite similar to that of ethanol detection as shown in
Fig. 2a. The results in Fig. 3b indicate that a 9 nm wavelength shift
and a 705 nm difference in integrated response can be achieved
when the silica colloidal crystal is exposed to saturated water va-
por. Not only polar vapors, the colloidal photonic crystals can also
be utilized to detect nonpolar vapors. Fig. 4 presents the results of
toluene vapor detection at 100 ± 1 �C. The good linear relationship
of the peak shift and the integrated response vs. the toluene partial
pressure is clearly illustrated by Fig. 4b. The higher refractive index
of toluene (�1.50) than that of ethanol (�1.36) and water (�1.33)
leads to a higher effective refractive index of the diffractive med-
ium, resulting in a larger red-shift of the optical stop bands
(�15 nm) when the colloidal photonic crystal was exposed to a sat-
urated toluene vapor.

To gain a better understanding of condensation of condensable
vapors in self-assembled colloidal photonic crystals, we calculated
the amount of the condensed liquids at different vapor partial
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Fig. 3. (a) Normal-incidence specular reflection spectra obtained from a colloidal
crystal consisting of 260 nm silica microspheres exposed to water vapors with
different partial pressures and (b) dependence of the shift and the integrated
response of the zeroth-order Bragg diffraction peak vs. water partial pressure.
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Fig. 4. (a) Normal-incidence specular reflection spectra obtained from a colloidal
crystal consisting of 260 nm silica microspheres exposed to toluene vapors with
different partial pressures and (b) dependence of the shift and the integrated
response of the zeroth-order Bragg diffraction peak vs. toluene partial pressure.
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pressures by using the Bragg diffraction equation. By assuming per-
fect close-packing of silica microspheres and the volume fraction
(VF) of silica and air in a dry colloidal crystal film is 0.74 and 0.26,
respectively, the effective refractive index of the colloidal photonic
crystal with the condensed liquid can be calculated as: neff = nsil-

ica � 0.74 + nair � (0.26 � VFliquid) + nliquid � VFliquid, where VFliquid is
the volume fraction of the condensed liquid, nsilica, nair, and nliquid

are refractive index of silica microspheres (1.42), air (1.0), and con-
densed liquid, respectively. The calculated volume fractions of the
condensed liquids including water, ethanol, and toluene at different
vapor partial pressures are shown in Fig. 5. It is apparent that the
condensed liquids only partially filled the interstitials between silica
microspheres even when the vapors were saturated. For instance,
only �29% of void space between silica microspheres was occupied
by toluene when the colloidal photonic crystal was exposed to a sat-
urated toluene vapor at 100 �C. In Fig. 5, the volume fraction of the
condensed toluene is higher than that of ethanol and water. This is
because the partial pressure of toluene at the operating temperature
(100 �C) is higher than that of ethanol (operating at 70 �C) and water
(operating at 90 �C). For example, the saturated vapor pressure of
toluene, ethanol, and water at the above temperatures is 559.5,
541.2, and 525.76 mm Hg, respectively [61].

The calculated volume fractions of the condensed liquids were
then incorporated in the scalar wave approximation (SWA) model
[60,62] developed for periodic dielectric structures to quantita-
tively simulate the specular reflectance spectra at different vapor
partial pressures. Fig. 6a, c, and e shows the simulated optical
reflection spectra for ethanol, water, and toluene at different vapor
partial pressures. Although the simulated spectra exhibit slightly
higher reflectance than the experimental results (compare with
Figs. 2a, 3a, and 4a), the shape, position, red-shift, and amplitude
reduction of the diffractive peaks associated with the condensation
of vapors in the voids of colloidal photonic crystals agree well with
the experiments. The remarkable agreement between theory and
experiment further confirms the high crystalline quality of the
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convectively self-assembled colloidal photonic crystals and vali-
dates the calculated volume fractions of the condensed liquids by
using the Bragg diffraction equation.

Using the simulated specular reflectance spectra, we further cal-
culated the shift and integrated response of the zeroth-order Bragg
diffraction peak at different vapor partial pressures and the results
are shown in Fig. 6b, d, and e for ethanol, water, and toluene, respec-
tively. The good linear relationship of the peak shift and the inte-
grated response vs. vapor partial pressure is clearly shown. The
calculated detection sensitivity based on Dkpeak is 7.4, 6.1, and
11.5 nm per saturation vapor pressure unit for ethanol, water and
toluene; while a much improved sensitivity of 850, 704, and
1217 nm per saturation vapor pressure unit is obtained by using
integrated response. The calculated sensitivity is lower than that
of experimental sensitivity based on Dkpeak (10.6, 8.6, and 16.1 nm
per saturation vapor pressure unit for ethanol, water, and toluene
vapors) and higher than that of experimental sensitivity based on
integrated response (695, 705, and 547 nm per saturation vapor
pressure unit). The intrinsic defects (e.g., vacancies, line defects,
and cracks) of the self-assembled colloidal crystals could lead to
higher adsorption and condensation of vapors. This will increase
the effective refractive index of the diffractive medium and thus
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results in a larger experimental peak shift (i.e., higher Dkpeak-based
sensitivity). By contrast, the intrinsic defects of colloidal photonic
crystals could significantly reduce the amplitude of the Bragg dif-
fraction peaks [63] and therefore lead to lower experimental sensi-
tivity based on integrated response.

The condensation of vapors in colloidal photonic crystals is pos-
sibly caused by capillary condensation. The modified Kelvin equa-
tion [56,64],

ln
P
P0
¼ cVl

RT
1
x
� 1

rc

� �
ð1Þ

where P and P0 are actual and saturation vapor pressure, c is the li-
quid/vapor surface tension, Vl is the liquid molar volume, R is the uni-
versal gas constant, T is the absolute temperature, x and rc are two
principal radii characterizing the saddle-shaped liquid–vapor inter-
face (see Fig. 7a), can be used to describe the phenomenon of capillary
condensation of a condensable vapor in between two touching
microspheres. To calculate x and rc at different vapor partial pres-
sures, we set up a xy coordinate system with point C as the origin,
and CO1, CO3 as the x, y axis, respectively (Fig. 8(a)). Applying Pythag-
orean Theorem for the right triangle CO1O3 yields: (rc + x)2 +
r2 = (rc + r)2. Therefore, x can be expressed by r and rc as follows:

x ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2rrc þ r2

c

q
� rc ð2Þ

Under the above coordinate system, the center of the three
spheres O1, O2, O3 (O3 is a virtual sphere) and the intersection
points A–C have the following coordinate values:

O1 ¼ ðr;0Þ; O2 ¼ ð�r;0Þ; O3 ¼ 0;
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2rrc þ r2

c
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Fig. 7. (a) Scheme of the capillary condensation of a vapor between two touching
spheres and (b) dependence of the two principal radii [x and rc in (a)] characterizing
the saddle-shaped condensed ethanol–air interface vs. ethanol partial pressure.
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The condensed liquid between spheres O1 and O2 can be
approximated by revolution of the arc BA around x-axis. The equa-
tion of the arc BA can be expressed by

y ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2rrc þ r2

c

q
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2

c � x2
q

where � rrc
rþrc
6 x 6 rrc

rþrc
. The volume VO1O2 of the liquid between

spheres O1 and O2 can then be computed as a definite integral
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VO1O2 ¼
Z rrc

rþrc

� rrc
rþrc

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2rrc þ r2

c

q
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2

c � x2
q� �2

dx ð3Þ

Putting Eq. (2) into (3), we can see that VO1O2 is clearly a func-
tion of rc while r is a constant (sphere radius). Since the sphere
O1 has 12 close-packed neighboring spheres while it only possesses
half of the volume VO1O2 for each neighbor, the ratio between vol-
umes of the condensed liquid and the spheres can be computed by

ratio ¼
12� VO1O2

2
4
3 pr3

ð4Þ

which is surely a function of rc. Under Matlab computing environ-
ment, we wrote a program [65] to solve the associated rc value
for each ratio obtained from experiment based on Eq. (4); then com-
puted the corresponding x value from Eq. (2).

The calculated rc and x values for condensed ethanol between
260 nm silica microspheres at different ethanol partial pressures
are plotted in Fig. 7b. For instance, x of 83.1 nm and rc of 19.5 nm
were obtained for saturated ethanol vapor. The calculated rc and
x values were then used to calculate ð1x � 1

rc
Þ. As shown by Eq. (1),

ln P
P0

should be proportional to 1
x � 1

rc

� �
at a fixed temperature be-

cause c (17.98 mN/m), Vl (61.67 cm3), R (8.314 J/(mol K)) and T
(343.15 K) are all constants. Fig. 8 shows that this prediction agrees
well with experimental results for ethanol, water, and toluene for a
wide range of vapor partial pressures (from 0.2P0 to 1.0P0). A large
deviation is observed when the vapor partial pressure is low. As
only a very small fraction of voids between self-assembled micro-
spheres is occupied by the condensed liquid at low vapor partial
pressure, the two principal radii and the saddle-shaped liquid–
vapor interface may not be well defined. A relatively large change
in x and rc values between 0.1P0 and 0.2P0 has been observed for all
three vapors (e.g., see Fig. 7b)). This could be the reason for the
large discrepancy between the experiments and theoretical predic-
tions at low vapor pressures.

The capillary condensation and evaporation (or adsorption and
desorption) of condensable vapors in porous systems with various
pore sizes and shapes have been well studies and five types of
adsorption isotherms have been documented [66–69]. The pro-
cesses of condensation and evaporation do not necessarily take
place as exact reverses of each other, leading to the formation of hys-
teresis in types I, IV and V adsorption isotherms [69]. In addition,
typical adsorption isotherms are usually quasi-linear only at rela-
tively low vapor partial pressures (<0.5P0). However, in our self-
assembled colloidal crystals consisting of submicrometer-sized
microspheres, which is a porous system that has received little
examination, the adsorption isotherms (Fig. 5) are quasi-linear for
the whole range of vapor partial pressure from 0 to P0. Additionally,
our experiments show that no hysteresis exists between the adsorp-
tion and desorption processes. Within experimental errors, we
found that the shape and position of Bragg diffraction peaks are
completely reversible during cycling vapor condensation and
evaporation.

As shown above, the observed condensation of vapors match
reasonably well with the modified Kelvin equation when a simpli-
fied model consisting of close-packed equal-sized microspheres is
used. As illustrated in Fig. 7a, condensation could be nucleated
by the adsorbed liquid in the crevices between the touching
spheres to give a torus of liquid which, as pressure increases, could
extend inwards until adjacent tori coalesce. As shown by the
adsorption isotherms in Fig. 5, only a small fraction (<29%) of the
interstitial space between silica microspheres is filled with
the condensed liquid even when the vapor is saturated. Therefore
the majority of the spherical cavity is empty during the vapor con-
densation and evaporation processes and the condensed liquid
forms nearly isolated, cone-shaped menisci between touching
microspheres. The process of evaporation can then be the exact re-
verse of that of condensation, and hysteresis is therefore absent.
This behavior is very similar to that exhibited by cone-shaped
and wedge-like porous systems [69]. The linear adsorption iso-
therm over a wide range of vapor partial pressures shown by the
self-assembled colloidal crystals is also related to the relatively
low adsorption amount. Linear adsorption regions have been ob-
served for types II and IV isotherms when the adsorbed amount
is not high [69]. However, we are not excluding the possibility of
a simple adsorption of vapors on hydrophilic silica particles, espe-
cially considering no hysteresis and quasi-linearity exhibited by
our self-assembled colloidal systems (Fig. 5).

4. Conclusions

In conclusion, we have demonstrated that 3-D colloidal pho-
tonic crystals created by the convective self-assembling technol-
ogy can be used as sensitive vapor detectors for a variety of
vapors. The detection sensitivity can be greatly improved by using
a new full-peak analysis technique, which can be extended to other
types of optical sensors, such as surface-plasmon resonance (SPR)
sensors that also monitor the small shift of SPR peaks [70]. The
adjustable filling of the interstitials of colloidal photonic crystals
could facilitate the design and fabrication of tunable optical de-
vices that have important technological applications ranging from
full color displays to broadband antireflection coatings.
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