Optical gas sensor based on the combination of a QD
photoluminescent probe and a QD photodetector

Abstract

We report on a sensor architecture for detection of hazardous gases. The proposed device is based on
the integration of a solid-state quantum dot (QD) photoluminescent probe with a QD photodetector
on the same substrate. The effectiveness of the approach is demonstrated by developing a compact
optical sensor for trace detection of explosives in air. The proposed architecture is very simple and
consists of a silicon substrate with both surfaces coated with QD films. The upper layer acts as
photoluminescent probe, pumped by a blue LED. The change of photoluminescence intensity
associated to the interaction between the QDs and the target analyte is measured by the QD
photodetector fabricated on the opposite side of the substrate. The sensor is mounted into a small
chamber provided with the LED and the front-end electronics. The device is characterized by using
nitrobenzene as representative nitroaromatic compound. Extremely low concentrations (down to 0.1
ppm) can be detected by the proposed device, with a theoretical detection limit estimated to be as low
as 2 ppb. Results are repeatable and no ageing effect is observed over a 70-day period. The proposed
architecture may provide a promising solution for explosive detection in air as well as other sensing
applications, thanks to its sensitivity, simple fabrication process, practical usability, and cost
effectiveness.

KEYWORDS: quantum dots, nitroaromatic explosives, solid-state photoluminescent probe, gas
sensor.

1. Introduction

Three-dimensionally quantum confined semiconductor nanomaterials have emerged as a versatile
material system with remarkable optical and electrical properties [1]. In particular, the bandgap of the
quantum dots (QDs) is size dependent, resulting in absorption and emission spectra that can be easily
tuned during QD synthesis [2], thus enabling the selection of the spectral range of interest according
to the targeted application. As a consequence, QDs have been incorporated as active elements in a
wide variety of devices, especially in optoelectronics [3]. Indeed, PbS QD absorption edge can easily
be tuned from 900 nm to 1.8 um and photodetectors based on this material have been well-optimized
in terms of QD size control, low dispersion and reproducibility [4]. Finally, due to their high
luminescence efficiency, emission wavelength tunability, operation stability and solution
processability, QDs have long been researched for light-emission diodes [5].

Although initially targeted at optoelectronic applications, semiconductor QDs are attracting
growing interest from the sensor research community in a continuing search for inexpensive, sensitive
and selective sensors [6]-[8]. This can be attributed to other peculiar characteristics of the QDs, such
as high electron-transfer efficiency, feasibility for surface modification and functionalization, ease of
synthesis and fabrication [9]. Moreover, the very large surface-to-volume ratio of the QDs provides
a high surface reactivity even at room temperature [10]. The QD luminescence capabilities have been
exploited for the fabrication of several different sensors, thanks to the strong correlation between the
QD surface chemistry and the photoluminescence (PL) efficiency. Moreover, surface
functionalization is a key element for the fabrication of highly selective sensors. It is envisaged in
particular that QDs can be successfully employed as fluorescent probes for the detection of explosive
compounds such as nitroaromatic compounds (NACs) [11]. This approach has been typically



employed in the liquid phase, where both the QDs and the target analyte were dispersed in the same
solution, achieving outstanding detection limits (~nM) [12]-[16]. However, the high sensitivity
achieved does not compensate for a notable inherent limitation, i.e., the fact that detection occurs in
an aqueous medium, whereas vapor detection is not allowed. Furthermore, this QD-based approach
relies on cumbersome and expensive instrumentation to quantify the change in PL intensity. As a
result, this strategy is not applicable for the instant on-site identification of NACs, for which vapor
detection is more appropriate.

Recently, a QD PL probe in the solid-state form was demonstrated, employing it as a sensor for
vapor explosive detection based on the measurement of the solid-state PL variation produced by PbS
QDs cast on a silicon substrate [17]. In that case, the PL signal was acquired with a commercial IR
photodetector and the signal was evaluated with a lock-in amplifier. Herein, we propose an even more
compact system for NACs detection in air, by coupling the QD PL element with a QD photodetector
fabricated on the opposite side of the same silicon substrate.

2. Material and methods

2.1 PRINCIPLE OF OPERATION

Figure 1(a) shows the system architecture whose main element is a 10 x 10 x 0.7 mm? silicon
substrate with both surfaces coated with a PbS QD film. The upper QD layer, suitably functionalized
with ethylenediamine (EDA), acts as a PL probe, pumped by a blue LED. The change of PL intensity
associated to the interaction between the QDs and the target analyte is measured by a QD
photodetector treated with tetrabutylammonium iodide (TBAI) - and fabricated on the opposite side
of the substrate. The silicon substrate cuts off the blue pump, while it is transparent to the NIR light
emitted by the upper QD layer (ApL = 1400 nm). The emitted photons can reach the QD photodetector
that, in turn, generates a photocurrent proportional to the PL intensity. The sensor is mounted into a
small custom-made chamber provided with the LED and the front-end electronics. The spectra in
Figure 1(b) allow for a better understanding of the proposed device architecture and its operating
principle. The yellow curve showing the spectral response of the PbS QD photodetector, exhibits an
excitonic absorption peak at 1320 nm and a significant photoresponse up to 1600 nm.
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Figure 1. a) Schematic of the optical arrangement; b) Solid-state QD PL spectrum (orange), QD
photodetector spectral response (yellow) and LED pump emission spectrum (blue). All curves are
normalized to their maximum.

Below 1000 nm the response is abruptly cut off by the silicon substrate which acts as an optical filter.
The photodetector spectral response exhibits a satisfactory overlap with the solid-state PL spectrum
from the QDs of the upper layer (in orange). The LED light peaked at A = 465 nm, whose emission
spectrum is shown in Figure 1(b) (in blue), is clearly blocked by the silicon substrate and does not
affect the photocurrent signal. The sensing mechanism for NACs detection and its selectivity is
already well-demonstrated in literature and it depends on the functionalization of the QD surface with
an amine ligand [18]. Briefly, the charge transfer between the electron-rich amine ligands and the
electron-poor benzene ring of the NACs, with the consequent formation of an unstable Meisenheimer
complex, quenches the PL, thus allowing for selective NAC detection.

2.2 EXPERIMENTAL DETAILS

Colloidal PbS QDs have been synthesized in a three-neck flask connected to a standard Schlenk line
set up under oxygen- and water-free conditions, as reported elsewhere [19] (details provided in the
SI). The QD dispersion was deposited on both sides of a silicon substrate by drop casting (top layer)
and spin coating (bottom layer). The top layer was functionalized with EDA, while the bottom layer
was treated with tetrabutylammonium iodide (TBAI). The bottom Si layer was equipped with
prepatterned gold interdigitated electrodes (IDEs) for photocurrent measurement. Further details
about device fabrication are reported in SI.

Figure 2 shows the two deposited films analyzed with a scanning electron microscope (SEM). It
can be observed in (a) how the spin coated QDs (photodetector side) form a dense and homogeneous
film thus completely covering the IDEs and providing a very uniform surface morphology. In (b) the
QD film that would contact the target gas appears to be continuous but rough with several cracks on
the film surface as is typical for drop-casting.
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Figure 2. SEM micrographs of the QD films in the a) spin-coated layer (photodetector) and b) drop-
casted layer (luminescent probe).

The device performance was assessed by employing nitrobenzene (NB) as a safe representative NAC.
The sensing mechanism for di- and tri-nitro substituted toluene analogues passes for the formation of
a Meisenheimer complex as well, but the enhanced electron-withdrawing effect exerted by the
presence of multiple nitro groups is expected to greatly facilitate complex formation resulting in a
sharper system response and a lower detection limit. Details of the experimental set up and its
schematic have been reported in the SI. Briefly, the device was kept in a custom-made 3D-printed
measurement chamber. A constant flow of ambient air was mixed with the target gas source to obtain
different concentrations ranging from 131 ppb to 1.18 ppm at room temperature (20 °C) and 30%
relative humidity, using mass flow controllers. The total gas flow rate was fixed at 1000 ml/min. The
device was exposed to the target gas sample for 2 min at each gas concentration and the air flow was
restored for 2 min. The blue LED illuminating the QD sensing layer was driven with a constant
current of 10 mA. A DC voltage of 1 V was applied to the QD photodetector through a Keithley
multimeter (Keithley Instrument, USA) and the current was monitored during target gas exposure
and release. The gas-sensing performance was evaluated in terms of sensitivity, repeatability, and
selectivity. The sensor response (S) reported in this work is defined as:

Ig—1
S="-4x%x100 (1)
Iq
where I, and I, represent the sensor current in the tested gas and ambient air, respectively. In addition,
the response and recovery time were defined as the times required for the sensor current to reach 90%
of the final value upon gas exposure and air recovery, respectively.

3. Results and discussion

Figure 3 shows the real-time current change of the proposed device toward 1 ppm NB at 20°C.
Initially, the current generated by the TBAI -treated QD photodetector is relatively stable at about
438.0 pA in air. After the supply of NB gas into the measurement chamber and the resulting PL
quenching of the EDA -treated QD film, the current decreases and rapidly reaches a minimum of
428.6 pA in 2 minutes. After 2 minutes, the NB gas is stopped and fresh air is supplied to the
measurement chamber. The sensor current gradually returns to its original position, indicating the full
baseline recovery. The current change is about 9.4 pA, with response and recovery times of 66 s and
83 s, respectively. The sensor noise was calculated using the standard deviation in the sensor current
in the baseline before NB exposure. Here 800 data points (corresponding to a 260 s timespan) are
shown, and the calculated noise current was 6.62 nA, as shown in the inset in Fig. 3.
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Figure 3. Real-time current change to 1 ppm NB gas. The inset shows the noise current of the

baseline.

The effect of increasing the concentration of NB vapors was investigated in the 131 ppb — 1.18 ppm
range, at room temperature (Figure 4(a)).
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Figure 4. (a) Normalized current curves to different NB concentrations as a function of time. (b)
Linear fitting of the device Al = (I, — I) to different NB concentrations in the 131—1180 ppb range.

The sensor response S calculated according to Eq. 1 was found to be proportional to NB
concentration. In addition, the device exhibited a reversible behavior as it recovered to its original
baseline current after the removal of NB vapors, regardless the NB concentration. The current
variations Al, response and recovery times measured for different NB concentrations are shown in

Table 1.

Concentration | Al | Response | Recovery
[ppbl [nA] time time
[s] [s]
131 0.49 534 57.7
262 2.29 56.4 24.9
393 3.34 56.2 33.5
524 4.26 62.7 36.4
655 5.24 68.62 63.5
786 6.6 52.3 52.7




916 8 60.3 59.6
1000 9.4 66 83.3
1180 10 69 121.3

Table 1. Measured current variations, response and recovery times at different NB concentrations.

A moderate increase of the response and recovery times with increasing gas concentration was
observed.

For the higher NB concentration tested (1.18 ppm), we obtained a response and a recovery time of 69
s and 121 s, respectively. The current variations obtained from the data in Figure 4(a) were plotted
as a function of NB gas concentration in Figure 4(b) and a linear fit was performed. The
corresponding sensitivity is about 9.3 nA/ppb in the whole range. The lowest detectable NB
concentration of 131 ppb is associated to limitations of our experimental set up. However, a
theoretical detection limit of the sensor can be estimated as the minimum NB concentration for which
a variation of the sensor current is three times higher than the noise, according to the following
equation [20]:

RMS
slope

DL =3 x

2)

where, RMS is the root mean square noise, evaluated using the standard deviation over 500 data points
acquired in a 160 s time span in the baseline of a current vs time curve, and slope is the slope of the
linear fit in Figure 4(b). A remarkable detection limit of 2.3 ppb has been obtained.

The repeatability of the measurements was investigated by exposing the sensor to 1 ppm of NB for
multiple adsorption-desorption cycles. The dynamic curves are shown in Figure 5. The sensor
exhibited a good repeatability after 10 testing cycles, as a nearly constant current variation with no
significant changes was observed, with an average sensor response of 2.13 £ 0.05%.
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Figure 5. Repetitive cycles of current variation towards 1 ppm NB.

Long-term stability is an important feature to assess the reliability of gas sensors. Hence, we
performed measurements of the sensor response towards 1 ppm NB over a period of 70 days (see SI).
The response remained basically stable with a mean value + standard deviation of 2.08 + 0.09%,
which confirms an excellent long-term stability of the sensor during the complete measurement
tenure.

The stability of the device performance with the relative humidity (RH) is another important
characteristic of gas sensing devices in practical application. Therefore, the effect of relative humidity
on NB sensing performance of the device was measured under different relative humidity conditions
up to 40% RH, a practical range of values for indoor applications. The humidification was obtained
by the saturation method with a glass bubbler; ambient air, left to flow through a bubble of water for
collecting the saturated water vapors, is mixed to ambient air in fixed ratio just to get the desired level



of humidity as measured by a commercial sensor. Figure 6 displays the change of the sensor current
under a relative humidity in the 10—40% range for a fixed 524 ppb NB concentration. The initial
sensor baseline decreases as the relative humidity increases but the relative current variation (response
to gas inlet) is not significantly affected, as shown in the inset. It can be noted that the sensor always
recovers to its initial current.
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Figure 6. Response curves to 524 ppb NB at different relative humidity at 20 °C.

In order to study the device selectivity to NB, the device was exposed to a fixed 1 ppm of different
interfering gases (toluene, nitromethane, xylene and aniline) at room temperature. For this purpose,
compounds with different substituents in the aromatic ring have been selected. Nitromethane, which
has a strong electron-withdrawing group but is not aromatic, was also tested. The corresponding
sensor responses (current variation) are shown in Figure 7. The sensor was highly selective towards
NB vapors, exhibiting no response to toluene, nitromethane and xylene. In fact, the formation of the
Meisenheimer complex, which is responsible for the response of the sensor to the NB, requires the
presence of both an aromatic ring and one or more substituents capable of delocalizing the negative
charge of the adduct. No other significant aspecific interactions are established between the PbS QDs
and the considered gases. It should be noted that the sensor was slightly responsive to aniline, with a
current variation of opposite sign with respect to NB. The results demonstrate that the response of the
proposed system is quite selective for NB.
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Figure 7. Selectivity of the device to NB and other interference gases at the same concentration of 1
ppm.

Finally, Table II shows a comparison between our work and recently published devices for
nitroaromatic explosive detection. For each of these, the sensing material, substrate (if present),
medium, target analyte, theoretical detection limit, lowest detectable concentration and sensing
method were reported. Fluorescent-based sensors, including metal-organic frameworks (MOFs), QDs



and polymer -based sensors, chemiresistive sensors and electrochemical sensors are the three
categories considered. Fluorescent-based methods for explosive detection have been extensively
investigated in recent years since they accomplish most of the criteria required in field for an effective
sensing, such as sensitivity and selectivity [21]. However, these materials often require complicated
and long-term synthetic routes and suffer from the limited application to the aqueous medium. To
achieve the on-site detection of explosives, most of the fluorescent-based works reported in the table
developed a paper sensor based on the common filter paper impregnated with the fluorescent sensing
material. Chemiresistors, that change their conductivity in response to a chemical interaction, are
perhaps the simplest possible element to build a sensor [22]. They offer clear advantages in terms of
ease of fabrication, integration with silicon technology and suitability for vapor detection. However,
their response is significantly affected by temperature and humidity. Electrochemical systems for on-
site detection of explosives can be high-sensitive, selective, with the advantages of minimal space
and power requirements and low-cost instrumentation [23]. However, electrochemical sensors require
mobile electrolyte and electrodes can be easily fouled. Conducting polymer coatings can help in this
regard at the cost of introducing more complexity to the sensor. Compared to these reports, the
proposed approach provides the advantages of compactness, simplicity in the fabrication process,
low-cost and a detection limit that is better than or comparable to that of the state-of-the-art values.
A further significant observation is that, thanks to the silicon substrate, the device can be easily
integrated into a portable and highly efficient detector.

Sensing material Substrate | Medium | Target DL Lowest Method Ref
(Sensor type) detectable
concentration
Fluorescent 8- Suspended | Liquid TNT | Colorimetric 100 ppb Visible color | [24]
hydroxyquinoline in 1 1.2 uM; changes;
zinc encapsulated ethanolic
into the pores of solution Fluorescent: Fluorescence
Zeolitic imidazole 212 nM quenching
framework-8
(MOFs sensor)
Titanium metal- ZSTU-1 Liquid PA 12.3 uM PA 12.1 ppm; | Luminescence | [25]
organic framework nanorods NB (2.8 ppm) NB 61.2 ppm; quenching
nanorods in ethanol DNT 2,4-DNT 44 .4
(ZSTU-1) solution PNP ppm;
(MOFs sensor) 2,6-DNT 70.1
ppm;
PNP 6.9 ppm
Blue emissive carbon Micro Aqueous | TNT, - 5.0 umol L™! Fluorescence | [26]
dots in combination | centrifuge | solution TNP, quenching
with yellow and red tube DNT
emissive CdTe QDs
(QD ratiometric
sensor array)
Lysine, cysteine, Nanofibro Vapor TNT, - TNT 4 ppb; Fluorescence | [27]
trifluoroacetyl lysine us DNT, DNT 180 ppb; quenching
and cysteine Membrane PA, PA 0.0077
modified nanofibrous S NB ppb;
membrane loaded NB 3 x 10°
with Mn2+-doped ppb
ZnS QDs




(QD multichannel
fluorescent sensor

array)
Fluorescent Filter Solution, NT, NT 57.3 NT, DNT, NP | Fluorescence | [28]
nanoporous paper solid and | DNT, ppb; and DNP quenching
polymers, HPP-2 vapor TNT, DNT 43.39; 10 mol/L;
(Fluorescent NP, TNT 4.62; TNT and PA
polymer sensor) DNP, NP 63.02; 107> mol/L
PA DNP 40.84;
PA 4.43
Alanine based dansyl | Thin film | Solution, | TNT | TNT9.1 uM | TNT 29 uM; Fluorescence | [29]
tagged copolymer ona vapor TNP (2.07 ppm); TNP 14 uM; quenching
P(MMA-co-Dansyl- | microbiolo DNT | TNP3.7uM | DNT 36 uM
Ala-HEMA) gical slide; (0.85 ppm);
(DCP) DNT 10.1
(Fluorescent DCP in pM (1.84
polymer sensor) THF ppm)
solution
Organic molecule Filter Vapor NB 0.16 ppm 10 ppm Fluorescence | [30]
(fluorescent probe) paper quenching
TPMCN
Flower-like Filter Vapor TNT, TNT 0.094 | TNT 1.82 ppb; Electric [31]
polyaniline paper PA, ppb; PA 0.19 ppb; current
(Chemiresistive DNT PA 0.029 DNT 80 ppb variation
sensor) ppb;
DNT 15.04
ppb
Polyvinyl Copper Vapor DNT 400 ppb - Change in [32]
Alcohol/Polypyrrole/ IDEs on resistance
Molecularly silicon
Imprinted Polymer wafer
Nanocomposite
(Chemiresistive
sensor)
Boron-doped - Aqueous TNT 73 ppb 240 ppb (1.07 Reduction [33]
diamond/graphene solution x 10-° M) peak currents
nanowall electrodes (differential
(Electrochemical pulse
Sensor) voltammetry)
Gold - Aqueous TNT TNT 25 pg TNT 83 pg Reduction [34]
Nanoparticles/Poly(C solution | DNT L L peak currents
arbazole-Aniline) DNT 30 pg DNT 100 pg (square wave
Film—Modified L L voltammetry)
Glassy Carbon sensor
electrodes
(Electrochemical
sensor)
PbS QDs Gold IDEs Vapor NB 2 ppb 131 ppb Fluorescence | This
(Combination ofa | onsilicon quenching | "k
QD wafer +
photoluminescent Current
probe and a QD variation
photodetector)
Table II. Examples of recent literature articles on sensors for the detection of nitroaromatic

explosives.




4. Conclusions

We reported on a simple, sensitive, compact and portable optical sensor for the detection of NB in
air, based on an innovative device architecture employing modified PbS QDs with a dual function.
The sensor is based on a silicon substrate with both surfaces coated with QD films. On one side, the
functionalization of QD film using EDA provided the sensitivity for NB detection. Indeed, NB
molecules interact with the modified QD film causing a PL quenching that is detected by means of
the QD photodetector fabricated on the other side of the silicon substrate. The proposed device was
responsive towards a wide range of NB concentrations (131 ppb — 1.18 ppm) with a calculated
detection limit down to a few ppb. Also, the device was found to be selective towards NB gas, with
excellent repeatability in response to multiple cycles of the same NB concentration. The sensor
presented long-term stability over a measurement period of 70 days and it exhibited a stable response
for various humidity conditions. These results suggest that the proposed architecture is very
promising for practical applications in the field of gas sensors.
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