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Fluorescent Gas Sensors Based on Nanoporous
Optical Resonators (Microcavities) Infiltrated

With Sensory Emissive Polymers
Pang-Leen Ong and Igor A. Levitsky

Abstract—In this contribution, we report fluorescent gas
chemosensors for detection of nitroaromatic vapors and other
classes of volatile organic compounds based on porous silicon
(PSi) microcavity (MC) infiltrated with sensory emissive poly-
mers. Such hybrid functional sensors have several advantages over
traditional fluorescent chemosensors, where the sensory polymers
are deposited on flat substrate. This includes a high interfacial
area of nanoporous Si (high sensitivity), narrow fluorescent band
due to photon confinement, dependence of the spectral peak
position on nature of analyte (enhanced selectivity), and fast
recovery time. We demonstrated that deep and uniform polymer
infiltration is critical for effective gas sensing and investigated the
experimental conditions required for preparation of high-quality
hybrid sensors. In the case of deep infiltration, the broad polymer
fluorescence (���� ��� ��) shows a narrowing to the
resonance peak (���� �� ��) with narrow intensity angle
diagram. In addition, the potential of the sensor array platform
and sensor recovery under ultrasound power is discussed.

Index Terms—Chemical sensors, gas detectors, explosive detec-
tors, nanostructured materials.

I. INTRODUCTION

P OROUS silicon (PSi) chemical and biological optical sen-
sors have been intensively studied for the past decade be-

cause of the high surface area of PSi and the variety of optical
transduction mechanisms upon exposure to different analytes.
The sorption of the target molecules into the silicon pores mod-
ifies the refractive index and, consequently, the optical proper-
ties of PSi. Optical sensors based on Bragg mirrors, lumines-
cent and reflective microcavities (MCs) have been reported in
literature [1]–[7]. As distinct from biological PSi sensor with a
high selectivity in aqueous medium [8], gaseous chemical sen-
sors as a rule demonstrate a lack of specificity to target analytes.
Furthermore, most of the tested organic gaseous analytes (al-
cohols, saturated hydrocarbons, chloromethanes) must display
high vapor pressures ( mm Hg) in order for
the change in the reflectance or luminescence of PSi structures
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to be detected. The detection of vapors with low vapor pressure
( mm Hg and lower), is a challenge by these methods
since nonspecific sorption coupled with low analyte concentra-
tion in the pores is not sufficient to uniquely alter the optical
properties of PSi.

It is known that some conjugated polymers exhibit a high sen-
sitivity to nitroaromatic molecules resulting in strong quenching
of their emission. Several types of conjugated polymers have
been specially designed for effective sensing of nitroaromatic
molecules (including TNT) with low pressure of saturated va-
pors [9], [10]. Later it was found that fluorescence of other con-
jugated polymers can also be effectively quenched by nitroaro-
matic vapors [11].

Thus, it is expected that entrapping these polymers inside PSi
microcavity should significantly improve the sensor’s efficiency
due to specific binding of nitroaromatic molecules to the sen-
sory polymers, high quantum fluorescence yield of the polymers
(higher than PSi self-luminescence), amplification mechanism
as a result of the energy migration [12], and the fine spectral
patterning of the broad florescence band induced by the MC
structure.

II. EXPERIMENTAL

The fabrication of PSi MCs is described elsewhere [13].
Briefly, they were prepared by anodic etching of p-type
(100)-oriented Si wafers ( ) in 15%
solution of HF with ethanol. The microcavity structure consists
of a Fabry–Perot resonator between two distributed Bragg
reflectors (DBRs) fabricated from alternating layers of high and
low porosity. Anodization was performed under a periodically
changing current applied between a silicon wafer and a plat-
inum electrode. In fabricated samples, the first DBR consists
of 5 periods, while the second has 20 periods; each period
contains two layers, high and low porosity. For most samples,
the low and high porosity layers were fabricated at a current
density of 6 and 25 , respectively. The
MCs were oxidized at 850 C under oxygen flow for 20 min.
MC was infiltrated with poly(2-methoxy-5-(2-ethylhexy-
loxy)-p-phenylenevinylene) (MEH-PPV) ( )
and polyfluorene (PFO) ( ) soluble
in chloroform using spin cast processing with a defined delay
time. The delay time (before spin cast) of approximately 20 s
was necessary for solvent infiltration inside the nanoporous
structure governed by capillary forces.
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Fig. 1. (a) Cross-sectional SEM image of a DBR1/MC/DBR2 structure
(microcavity) and (b) the corresponding reflectivity spectrum. DBR stand for
Distributed Bragg Reflector.

The reflectance and fluorescent spectra were measured with
an Ocean Optics spectrometer coupled with an optical fiber po-
sitioned normal to the sample surface. Fluorescence was excited
by blue LED (365 nm, 5 mW) through the fiber directed at 30
towards the sample surface.

The samples were tested inside a custom designed flow cell
operating under flow rate in the range of 100–500 cc/min. In the
special case where ultrasound was applied, the samples were
placed in a test chamber (30 ml) equipped with a flow con-
troller to regulate the humidity or vacuum level. An ultrasound
transducer (NDT Olympus A126S-RM, Resonance Frequency
– 5 MHz, FWHM – 4 MHz, Max. Power –125 mW) working
under AC sinusoidal voltage from a functional generator was
coupled with the back side of MC through silicon grease. The
thin silicon grease layer was applied on the back side of the Si
wafer, followed by firmly pressing to the transducer surface.

III. RESULTS AND DISCUSSIONS

Fig. 1 shows the cross-sectional scanning electron mi-
croscope (SEM) image of DBR/MC/DBR structure (in the
following MC) prepared by electrochemical anodization and
the corresponding reflectance spectrum. Oxidation of MC is
required for polymer solution wetting, resonance peak stabi-
lization, and high fluorescence yield of infiltrated polymer.
Without the relatively thick silicon oxide layer, the fluorescence
is substantially quenched. Porous branch-like structure for each
layer is constituted from interconnected nanopores which size
( ) depends on anodization current [individual
nanopores are not seen in Fig. 1(a)].

Deep polymer infiltration results in narrowing of the broad
polymer fluorescence to the resonance peak, matching the MC

Fig. 2. MC reflectance, fluorescence of MC with infiltrated MEH-PPV and flu-
orescence of MEH-PPV on flat substrate.

Fig. 3. Response of (a) MC infiltrated with polymer and (b) polymer deposited
on flat substrate (right) upon 10 s exposure to nitrotoluene vapors.

peak in the reflectance spectrum (Fig. 2). The intensity-angle
diagram of the peak is elongated and significantly narrower than
polymer deposited on flat substrate (not shown here), which is
an indication of the photon confinement in MC structure.

Fig. 3(a) shows the fluorescence quenching and the simul-
taneous spectral shift of MC fluorescence peak upon exposure
to nitrotoluene saturated vapors. At the same conditions, the
polymer deposited on flat substrate exhibits only fluorescence
quenching [Fig. 3(b)]. Thus, the MC fluorescent peak provides
an additional parameter for recognition, namely, the dependence
of fluorescence quenching on the detection wavelength (spec-
tral shift). This feature can be very useful for discrimination
of nitroaromatic interferants from nitroaromatic explosives. In
addition, we found that fluorescence of MC peak is also sen-
sitive to other groups of volatile organic compounds (ethanol,
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Fig. 4. Photo images of MCs on Si wafer tuned to yellow (left) and blue (right)
part of visible spectrum.

chloroform, acetone, etc.), demonstrating a unique response for
each vapors in the intensity-spectral domain. As most nitroex-
plosives (TNT, RDX, PETN) exhibit a very low vapor pres-
sure (ppb-ppt range), their exposure is not sufficient to change
the refractive index of MC and induce a significant spectral
shift of resonance peak (e.g., nitrotoluene vapors). However,
interaction of their molecules with sensory conjugated poly-
mers affects the polymer emission resulting in a sizable fluo-
rescence quenching. Thus, a simple recognition algorithm can
be introduced in the detection scheme to minimize false posi-
tives: any fluorescence quenching (or enhancement) accompa-
nied with spectral shifts should be indicative of the nitroexplo-
sive interferant, while quenching only (no spectral shift) denotes
only the presence of explosives.

To further increase the selectivity of the detection system,
a sensor array format can be employed. This suggests the
existence of several MCs tuned to different spectral range and
infiltrated with different sensory emissive polymers. Fortu-
nately, electrochemical anodization allows the fabrication of
MCs with broad stop band and narrow resonance peak for
the whole visible and NIR spectrum. Fig. 4 shows the photo
images of two MCs tuned to blue and yellow part of the vis-
ible spectrum. “Yellow” MC with resonance peak centered at
580–600 nm is infiltrated with MEH-PPV polymer [Figs. 2,
3(a)], while “blue” MC with resonance peak at 465 nm is
infiltrated with polyfluorene (PFO) polymer, which has blue
fluorescence. The fluorescence signal response (spectral and
time traces) of MC/MEH-PPV and MC/PFO are shown in
Fig. 5. Interestingly, PFO quenching by nitrotoluene is a signif-
icantly fast reaction that the spectral shift of the resonance peak
is not observed. By the same manner, more sensory elements
can be designed forming the array distributed through the entire
visible and NIR spectral range.

An important aspect for the chemical sensor performance is
the recovery of the sensory material after analyte exposure. Usu-
ally, for this goal, heating and purging with clean air/inert gas
is necessary to desorb analyte molecules from the sensor sur-
face. Nevertheless, in many cases, the recovery takes a long
enough time to provide multiple detection cycles. Recently, we
found [14] that ultrasound facilitate desorption of water and or-
ganic vapors from the porous Si monolayer and MCs. The mea-
surements were performed in reflectance format only using bare
porous structures. The similar effect has been observed for MC
infiltrated with MEH-PPV when the fluorescence signal was de-
tected. If the full recovery (intensity and spectral shift) upon 10 s

Fig. 5. Comparison of spectral responses and time traces upon 10 second ex-
posure to nitrotoluene vapors for MC infiltrated with MEH-PPV and MC infil-
trated with PFO. Left and right time traces corresponds to the time dependence
of the half of the intensity of MC fluorescence peak taken at short- (left) and
long (right)-wavelengths peak shoulders.

exposure of nitrotoluene saturated vapors usually takes up to
5 min (MC heating and purging hardly improve recovery time),
the application of ultrasound from the back side of Si wafer re-
duces recovery time by a factor of 3–4. Such improvement is
consistent with results from study [14] for bare MC.

The developed approach can be applied for detection not only
explosive vapors and their interferants but also for detection and
identification of common volatile organic compounds. Fig. 6
demonstrates the time traces of MC peak upon exposure to chlo-
roform, ethanol and acetone saturated vapors. These responses
are very specific to each analyte and can be employed for iden-
tification of organic vapors and their blends in the array format
with nonstatistical pattern recognition methods.

IV. DEVICE PROTOTYPES AND CONCLUSION

In conclusion, the major advantages of the proposed detection
approach can be formulated as follows.(i) Large interfacial area
of microcavity, which provides numerous sites between sensory
material and analyte vapors/particulates. (ii) Dependence of res-
onance peak spectral position on the nature of the target analyte
resulting in high selectivity and minimal false positive alarms.
(iii) Capability of employing a multispectral format, e.g., si-
multaneously detecting several peaks in the Vis – NIR spec-
tral range. This feature provides the basis for sensor array im-
plementation: (iv) Simple and cost effective fabrication process
(electrochemical anodization of Si and porous Si infiltration
with the organics) that does not require high vacuum deposition.

Currently, two prototypes for explosive detection based on
the described approach have been built in Emitech’s labora-
tory (Mark-X series). The Mark-II prototype is capable of de-
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Fig. 6. Comparison of time traces upon 30 s exposure to (a) chloroform,
(b) acetone, and (c) ethanol for MC infiltrated with MEH-PPV. Left and right
time traces corresponds to the time dependence of the half of the intensity of
MC fluorescence peak taken at short- (left) and long (right)-wavelengths peak
shoulders.

tecting RDX/PETNT/TNT particulates and vapors in real time
mode using our proprietary sampling system. Another feature of
Mark-II prototype is the capability of the sensor to be mounted
onto robotic vehicle and wireless communication with a remote
terminal.

The use of the sampling system significantly improves the
detector sensitivity, enabling real time detection of explosive
particulates at level. Such sampling approach enables
prototype to attain fast response time (several seconds) and pro-
vides real-time, noncontact sampling for major explosives in-
cluding TNT, RDX, and PETN. Thus, these features present
substantial progress over other explosive detectors when the
contact sampling is separated in time from the explosive de-
tection (swabbing mode). At the current stage, Mark-II pro-
totype is capable of detecting RDX and PETN particulates as
low as 100 in real-time mode. In addition, TNT can
be detected within 5 s with a detection limit of less than 1 ppb
(trace detection) and (particulates detection). De-
pending upon the volatility of the trace explosives, detection

limit can be even lower at higher temperatures and with sample
cooling.

The prototypes are equipped with a miniature optical spec-
trometer which allows detecting not only the change of the in-
tensity of the fluorescence resonance peak, but also its spec-
tral shift upon exposure of explosives. That provides a novel
additional parameter which considerably reduces false positive
alarm that could be beneficial in the design of next generation
sensors for explosives detection.
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