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The end facet of a standard multimode optical fiber was coated with fluorescent silicon quantum dots (Si-
QDs) and used as a probe to detect water and alcohol vapors as a feasibility study for sensing applications.
In this work, the response of the sensor to different analytes was observed, and the repeatability of
the sensor response was investigated. When exposed to different vapors, the luminescence intensity
of the Si-QDs varied over timescales of a few seconds to hours. By coupling the QDs to an optical fiber
splitter, fiber-based measurements were demonstrated for ethanol and water vapor. At this stage, the
Si-quantum-dot-based fiber sensing shows a fast response time and reasonable detection limits, but true
quantification remains difficult owing in part to sample-to-sample variations.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Optical fiber sensors present a vast array of practical remote
sensing devices. They can be used to sense changes in strain [1],
temperature [2], pressure [3], vibration and acceleration [4], and
local electromagnetic fields [5]. They can perform refractometry
[6] and measure solution properties such as pH and pO, [7], and
they are finding a wide range of uses in biomedical analysis [8,9].
Efforts have been made toward the development of a fiber optic
sensor for volatile organics [10], for the remote analysis of toxic
or explosive gases [11,12] or for the detection of organic contami-
nants in groundwater [13]. Fiber sensors for measuring the ethanol
concentration in alcoholic beverages [14] and in gasoline [15] have
been reported. Optical sensors for ethanol vapors based on absorp-
tion of ethanol on ZnO particles attached to microring resonators
[16,17], nanorods [18], or thinned optical fibers [19] have also been
reported. Surface plasmon resonances of silver particles coupled to
an optical fiber have also been used for ethanol sensing [20].

Silicon-based detectors can be advantageous because of their
benign chemistry, relative ease of handling, and low toxicity in
biological environments [21]. Porous silicon (PSi) has been much
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studied for vapor sensing applications [22-24] due to its large sur-
face area and wide range of transduction mechanisms, but the
material is fragile and difficult to interface with an optical fiber.
In one case, a planar PSi microcavity structure was adhered to one
end of a bifurcated fiber [25]. When exposed to either humidity
or one of three different volatile hydrocarbons, the cavity reso-
nance shifted to longer wavelengths as measured by light injected
through one arm of the fiber, reflected from the cavity, and analyzed
by a spectrometer.

We previously showed that when freestanding (i.e., not embed-
ded in a matrix) Si-QDs are exposed to blue or UV light in room
air, the luminescence intensity can increase by a factor of at least
10 [26]. This process is called “photoactivation”. Fourier-transform
infrared spectroscopy (FTIR) was used to show that photoactivation
occurs in a two-step process. The first step involved the break-
ing of Si—H surface terminations, leaving behind a non-radiative
trap (possibly the neutral P, center). During this rapid initial stage,
the fluorescence intensity decreases and the fluorescence lifetimes
shorten. The second step involves the oxidation and hydration of
the dangling bonds, which leads to a prolonged gradual increase in
the emission intensity over a period of hours in room air [26]. Dur-
ing this stage, signals from hydride and oxide surface bonds were
observed to grow stronger with activation time.

In most synthesis methods the Si-QDs are encapsulated in a
solid matrix. While advantageous for certain applications, solid
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Fig. 1. (a) Diagram of the sensor structure and (b) diagram of the layout for the
vapor sensing experiments.

encapsulation isolates the QDs from the environment and phys-
ically blocks their response to the surrounding atmosphere. The
objective of the present work was, therefore, to integrate freestand-
ing (un-encapsulated) Si-QDs into a fluorescence sensor structure.
We use a basic fiber-coupled design to detect water and ethanol
vapors, using the quantum-dot photoactivation property as the
transduction mechanism.

2. Materials and methods

The Si-QDs were prepared in bulk by dissolution from a silica-
like matrix [27]. Briefly, the procedure involved annealing gram
quantities of hydrogen silsesquioxane (H;,SigO1>) for one hour at
1100 °Cunder an atmosphere consisting of 95% Ar + 5% H,. This pro-
duced a tan-colored powder of consisting of Si-QDs embedded in
a silica matrix. The powder was then mechanically pulverized and
the Si-QDs were subsequently freed from the silica matrix by etch-
ing for 15 min in a solution of 7.5 mL HF (49%, v/v aqueous) + 0.2 mL
HCI (37%, v/v aqueous). This was followed by an additional 5-min
etch with 5.0 mL of ethanol (95%, v/v aqueous) added to the HF + HCI
solution. The suspended QDs were then extracted into toluene.
The toluene was evaporated until a relatively high concentration
of particles in solution was obtained.

The sensor structure was designed using a 2 x 2 optical fiber
coupler (Fig. 1a) with 50% coupling at 800 nm, near the peak flu-
orescence wavelength of the Si-QDs. Light from a blue diode laser
was coupled into one arm of the fiber coupler. A layer of Si-QDs was
deposited on the opposite end of the same arm of the fiber coupler,
by dipping one end of the cleaved fiber into the QD solution and
allowing it to dry in ambient conditions. The QD-coated end of the
fiber coupler was inserted into an environmentally sealed chamber
with a volume of ~30 mL. Fluorescence from the Si-QDs was col-
lected by the same arm of the fiber and evanescently transferred to
the third arm of the coupler. This was attached to an Ocean Optics
USB2000 spectrometer. The fourth arm of the coupler was used
to monitor the power and stability of the pump laser. The coupling
efficiency ratio was found to be about 2:1 at the 445 nm laser wave-
length, so the QDs were always placed on the higher-pump-power
arm (~80 wW emitted from the fiber tip).

Fig. 2. Topographic SEM image showing the sensor end of a fiber. The Si-QDs appear
as small clumps on the cleaved end of the fiber, and along the length of the fiber
that was dipped into the solution.

To characterize the response of the sensor to different analytes,
the sample chamber was partly filled with liquid, in order to obtain
a saturated vapor pressure. The analytes tested were water, a 50%
(v/v) mixture of ethanol and water, and 100% anhydrous ethanol,
all with room air in the chamber. Calibration tests were also done
using only air or 99.998% O, gas in the chamber, without an analyte
liquid. A blank run was also performed in each set of experiments,
without the Si-QDs on the fiber tip.

In order to measure the repeatability of the sensor response, a
similar gas chamber was used. A gas manifold linked two gas lines
to the same input line on the chamber (Fig. 1b). One line flows
through bubbler 2, which contained water, ethanol or a mixture of
the two liquids. The carrier gas was 99.998% dry O,. The other line
delivered only O, to the chamber. In order to measure the response
to water and ethanol vapor, a set of valves diverts the flow from the
dry line to the bubbler line. Thus, switching from the dry O, line
to the bubbler-2 line could be repeated as often as desired. A sec-
ond bubbler (bubbler 1) could be inserted before the gas manifold,
for cases (as described below) in which both vapors of water and
ethanol were needed in the same run.

3. Results

The Si-QDs formed micron-scale “clumps” on the end facet of the
sensor arm of the fiber coupler (Fig. 2). The luminescence from the
QDs was readily detectable (Fig. 3), initially peaking at a wavelength
near 750 nm. With the chamber sealed with dry O, the fluores-
cence intensity decreased relatively quickly over the first 30 min,
followed by a more gradual continuous decrease. In room air (i.e., no
liquid in the chamber, 40% relative humidity), the integrated pho-
toluminescence intensity decreased initially, followed by a slow
continuous increase over 60 min, consistent with previous results
for QDs deposited on a wafer [26].

The sensorgrams in Fig. 4 highlight the different responses
to different analytes in the chamber. The integrated intensity
of first spectrum was subtracted from all the integrated inten-
sity measurements. This effectively “subtracted out” underlying
contributions from the fiber (which showed background lumines-
cence) and the variations in QD concentration on the fiber tips.
With water in the chamber, the PL intensity increased strongly over
the first 10 min before approaching saturation. With ethanol in the
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Fig. 3. Fluorescence spectra from the Si-QDs on the end of a fiber coupler, in various
static atmospheres. The collection interval was 30 s. The colors red to blue represent
successive spectra taken over a period of 1 h. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of the article.)

chamber, the curve was somewhat different: in this case it showed
a sigmoidal shape, increasing slowly at first but then increasing
more quickly. The water—-ethanol mixture showed a behavior inter-
mediate between those for the two pure liquids. With dry O, in
the chamber, there was a gradual decrease in the integrated inten-
sity over time. For all the curves in Fig. 4, there was no gas flow
through the chamber: the chamber was simply sealed with the
various samples inside.

Having established the baseline sensor response, the repeat-
ability was measured next. From the basic activation curves in
Fig. 4, alternating between either water or ethanol (showing a
fluorescence intensity increase) and dry O, (showing a decrease)
could permit the sensor response to be cycled. Thus, for these
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Fig.4. Integrated fluorescence intensity as a function time for the Si-QD fiber sensor
in O3, room air, and air saturated with water, ethanol, or a 50% mixture of both.
All data collected at room temperature. In order to facilitate comparisons between
different samples, the first data point of each series was assumed to have a zero
arbitrary intensity value. Thus, for an O, ambient, we see that the intensity decreased
after the first measurement.

>

(@) '@ 600} | watervapor
L —~ 550
£ >
- & 500
@
© 450
o 400
X 10 15 _ 20 25
. time (minutes)
= 600

(b) =
c
L~ 450
£ 3 water
s &
L
© 300 .
S mixture
&L
£ 150 etfianol

0 10 20 30 40 50 60
time (minutes)

Fig. 5. Sensor response (integrated intensity) to repeated 15-s exposures to satu-
rated water vapor, ethanol vapor, or a 50% mixture of both, using O, as the carrier
gas. Data offset for clarity. The inset shows the timing of the 15-s vapor-injection
intervals superimposed on the sensor response.

experiments, O, gas was flowed into the sample chamber at a rate
of 0.13 L/min. The O, gas flow was diverted through the bubbler
for periods of 15s every 10 min. In order to compare the sensor
response, experiments were conducted with water, ethanol, or a
50% by volume mixture in the bubbler.

The sensor response was found to be repeatable (Fig. 5). After a
15-s-long injection of the saturated vapor the fluorescence inten-
sity increased sharply, reaching a maximum value approximately
16s after the bubbler valve was opened. This is approximately
equal to the calculated delay based on the measured flow rate and
the bubbler-to-chamber tubing volume, implying that the sensor
response is fast. The luminescence then decayed over a period of
about 2 min, reaching a level close to the original value. In various
experiments, the sensor was tested up to 30 consecutive times;
the response was found to be repeatable, although with a slight
background variation in the luminescence intensity. Furthermore,
the response was different for each vapor; it was largest for water
vapor, smallest for ethanol, and intermediate for mixtures of the
two. This behavior is consistent with the “static” results in Fig. 3,
which showed the fastest initial increase for water.

We next performed consecutive water and ethanol sensor
response measurements on the same sample. One sample was first
exposed to five cycles with water in the bubbler. The bubbler was
then emptied, rinsed, re-filled with ethanol, and five further cycles
were conducted with ethanol vapor. The same experiment was then
repeated in reverse order for a second sample (ethanol first, then
water). The results showed reasonable consistency; the response
was always greatest for water (Fig. 6). The responses did not com-
pletely mirror each other, however. When water vapor was injected
first, the sensor response to ethanol was slightly larger than it was
otherwise.

The sensor response to water and ethanol (and the mixture)
might be difficult to distinguish, without an initial calibration to
determine the magnitude of the response to each vapor (asin Fig.5).
Two additional experiments were therefore conducted in order to
determine whether the sensor could be specific to one vapor. First,
a fresh sensor was made and continuously exposed to water vapor
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Fig. 6. Sensor response to repeated exposures to water vapor and ethanol. The
blue curve shows the response to five 15-s ethanol vapor injections, followed by
5 injections of water vapor. The red line is similar, except in the reverse order. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)

from a bubbler on the main line, while pumped with the laser. The
sample was exposed for 50 min, which was sufficiently long for
the sensor response to become saturated, with little further evo-
lution of the fluorescence spectrum. At this point, the sensor is no
longer responsive to water vapor. The water-vapor-saturated car-
rier gas was then diverted through a second bubbler containing
ethanol. While the changes are smaller in this case, the effect of the
ethanol could be clearly observed by a small rise in the integrated
emission intensity every time the second bubbler was added to the
gas flow (Fig. 7). In the reverse case, the sensor response was first
saturated with ethanol vapor and then water was introduced in
the second bubbler, for 15-s intervals. Again, a small response was
clearly observed. Thus, if the magnitude of the response cannot
unequivocally determine between different vapors (i.e., no pre-
calibration), then a pretreatment with one vapor might make the
sensor responsive to the other one.

4. Discussion

While the detailed mechanism for the sensor response will
remain open to question, several lines of evidence are con-
sistent with a set of possible surface modifications that can
occur on the surface of the QDs. First, the response to ethanol
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Fig. 7. The blue line shows the sensor response when the fiber was initially exposed
to water vapor for 50 min. The ethanol-vapor injections are clearly observed. The
red line shows the sensor response to water vapor, after being pre-saturated with
ethanol. The carrier gas was O. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of the article.)
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Fig. 8. Photoactivation response (integrated intensity) when the pump laser was
cycled numerous times, while the sensing end of the fiber was continuously main-
tained in a water-saturated atmosphere. Unlike Fig. 4, the intensity of the first
measurement was not subtracted in this case.

vapor is different from that to water vapor (in terms of the
photoactivation rate and saturation behavior). Second, when
exposed to dry O,, the photoactivation process is at least partly
reversible. Third, the response can saturate and then bleach. Fourth,
a weak photoactivation can be induced when the luminescence
response was first saturated in one vapor, and the QDs were then
exposed to a different vapor. Fifth, the effect of the carrier gas was
investigated by repeating several measurements using N, or Ar as
the carrier gas, in place of O,. For these atmospheres, little to no
detectable photoactivation was found. Thus, O, in the carrier is
necessary for the photoactivation process to occur at a useful rate.

The processes (photoactivation or “de-activation”) do not occur
without blue-light irradiation. Allowing the sensor end of the fiber
coupler to “sit” in any of the investigated vapors resulted in no effect
- in other words, one can partially photoactivate the QDs, turn the
pump laser off while the sensor remains exposed to the analyte
for 30-60 min, and when the laser is turned back on there are few
changes in the fluorescence spectrum or intensity. This is illustrated
in Fig. 8, in which the “active” end of the sensor was allowed to
remain in a water-vapor saturated atmosphere, and the laser was
turned on periodically. The overall evolution of the luminescence
intensity looks mainly similar to that in Fig. 4, only interrupted by
the periodic laser-off intervals.

While these present experiments cannot unambiguously deter-
mine the potentially numerous surface effects responsible for the
sensor response, the fact that the response appears different for
the two vapors investigated is encouraging from the point of view
of making a sensor that could be specific to the desired analytes.
Thus, we compare now the sensor response reported here with a
selected number of alternative fiber sensors for ethanol vapor. The
main points for a brief qualitative comparison are the detection
limits, repeatability, response time, and cost.

In one particularly elegant example, a ring resonator was con-
structed for ethanol detection using evanescent coupling from a
tunable laser source to measure the cavity resonances [17]. Ethanol
was absorbed into the sol-gel layer of the resonator, causing the
mode to shift. Detection of 31 ppm ethanol was clearly demon-
strated, and sub-ppm levels could probably be probed with a
sufficiently high-resolution scanning laser system. However, the
maximum detection limit was close to 200 ppm, limited by the free
spectral range of the resonator. In another example, ZnO nanopar-
ticles absorbed ethanol in the vicinity of a silicon ring resonator
[16], with a lower detection limit of 100 ppm.



Z.H. Zhang et al. / Sensors and Actuators B 181 (2013) 523-528 527

300

298

296

294

292

integrated intensity (a.u.)

290
0 5 10 15
time (minutes)

Fig. 9. Sensor response to various ethanol concentrations given as a mole percent
above each peak.

In order to investigate the detection limit (DL), we made a solu-
tion of 5 vol.% ethanol dissolved in tetrahydrofuran (THF). Dry THF
was found to produce no observable photoactivation, and is a solute
for ethanol. The saturated ethanol concentration in the vapor is
7.3 mol.% for this mixture. This was further diluted by mixing with
the oxygen carrier gas in the bubbler and combining it with a dry
0, flow. In Fig. 9, we observe the sensor response for five 15-s expo-
sures to vapors ranging in concentration from 0.23 to 0.094 mol.%
ethanol. The sensor response was observed and was repeatable.
Assuming a 3 dB signal-to-noise detection limit, from Fig. 9 we can
estimate conservatively that the DL is ~380 ppm for 15-s exposure
times. For longer exposures, the detection limit should decrease
accordingly. In Fig. 4, we see that the 1-h response is orders of mag-
nitude larger than it is after 15 s. This suggests that, given sufficient
time, the detection limit could be reasonably low. Alternatively, the
photoactivationrate can be increased by using a higher laser power.
In recent work, we have found that a power as high as a few mW
can be obtained in the sensor arm by using better coupling setups,
although the effect of such high pump power was not investigated
here.

This leads to the second point: the speed of analysis. For
saturated vapors, the Si-QDs respond almost immediately, with
the main delay being the ~15s required for the vapor to reach
the testing chamber. Commercial ethanol detector technologies
(e.g., “breathalyzers”) take a minute or less to provide a reading,
with alternative sensor technologies capable of a similar range
[16,17,20,28]. In the present case, as discussed above there will be
a tradeoff between analysis time and detection limit. However, the
photoactivation rate depends on the optical intensity on the sam-
ple [26], so better coupling of the light source to the optical fiber
could simultaneously increase the speed and lower the detection
limit.

We can finally evaluate, briefly, the cost and re-usability of a
Si-QD-based vapor sensor. The main experimental costs are the
blue light source and a means to measure the luminescence inten-
sity. This is common to many commercial devices that require
a light source and a way to measure a solution color change. In
contrast, optical ring resonators require a tunable laser, which
places a large premium on the cost [29]. The QD-based fiber sensor
investigated here can be cycled at least 30 times by periodically
breathing into the testing chamber, without a significant degrada-
tion in the response. The overall cost of a device based on Si-QDs
therefore appears competitive with most proposed vapor sensing
technologies.

Nevertheless, several outstanding issues must yet be addressed
for this type of sensor, before any practical application can be real-
ized. One of the most important is specificity. The Si-QD fiber sensor
responds both to water vapor and to ethanol, which could make it
difficult to use in “real-world” applications requiring the specific
detection of alcohols. The response was different for the two cases
however (Figs. 5 and 6), and can be made at least somewhat specific
by pre-saturating it in the presence of the other vapor (Fig. 7). Still,
in cases where the ratios of the two vapors are unknown, specificity
will, at this stage, be a significant problem.

The second issue is quantification. While clear trends are
observed (e.g., see Fig. 5b), true quantification of the vapor con-
centration in the atmosphere is currently hampered by several
underlying factors. First, there is a gradual drift in the luminescence
over time, since the intensity generally did not completely revert
to its lowest value after each exposure. This implies that quan-
tification would change over time. Secondly, for the lowest vapor
concentrations investigated (Fig. 9), the variability in the integrated
intensity under each peak s too large to clearly quantify the ethanol
concentration. Thus, accurate quantification and clearly unambigu-
ous analyte specificity are not possible with this structure, at the
current time.

These issues may be related, at least in part, to sample-to-sample
non-uniformity and aging. The number and concentration of QDs
deposited onto the fiber surface is, at present, a significant problem
that could make specificity and quantification much more difficult.
This will affect not only the overall luminescence intensity, but also
the overall photoactivation behavior, since large clumps like those
shown in Fig. 2 contain many buried QDs that may not be well
exposed to the atmosphere. This problem can lead to considerable
variation between different samples or batches, and we found that
it takes both experimental care and some luck with a single batch
to get results that were reproducible over timescales a few days or
weeks. This leads to the final issue: we observed an aging effect, in
which the photoactivation properties of QDs suspended in toluene
and stored in air gradually decayed over a similar period, probably
as a result of gradual oxidation.

5. Conclusion

In this work, an optical fiber sensor with Si-QDs at the end facet
was found to show a response to water and ethanol, a fast and
reversible response time, and detection limits that could approach
the range characteristic of standard ethanol sensors. The response
is based on the QD fluorescence intensity which increases when the
QDs are exposed under blue light irradiation to alcohol and water
vapor. Reversibility is achieved by subsequent exposure to dry O,.
The magnitude of the fluorescence intensity change was found to
depend on the vapor type and concentration: in 15-s exposures
it was greatest for water vapor, intermediate for a water—ethanol
mixture, and smallest for ethanol. The fluorescence sensor could be
cycled more than 30 times without significant degradation of the
performance. The work also showed the limitations of the proposed
device structure, in which the two most significant were deemed to
be selectivity and quantification, probably due mainly to physical
clumping or agglomeration of the QDs on the fiber surface. The
latter issue can lead to sample-to-sample variations in the response
characteristics.
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