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Explosives detection in a lasing plasmon nanocavity

Ren-Min Ma', Sadao Ota', Yimin Li', Sui Yang' and Xiang Zhang"?*

Perhaps the most successful application of plasmonics to date
has been in sensing, where the interaction of a nanoscale loca-
lized field with analytes leads to high-sensitivity detection in
real time and in a label-free fashion™®. However, all previous
designs have been based on passively excited surface plas-
mons, in which sensitivity is intrinsically limited by the low
quality factors induced by metal losses. It has recently been
proposed theoretically that surface plasmon sensors with
active excitation (gain-enhanced) can achieve much higher
sensitivities due to the amplification of the surface plasmons'™-?2,
Here, we experimentally demonstrate an active plasmon
sensor that is free of metal losses and operating deep below
the diffraction limit for visible light. Loss compensation leads
to an intense and sharp lasing emission that is ultrasensitive
to adsorbed molecules. We validated the efficacy of our
sensor to detect explosives in air under normal conditions
and have achieved a sub-part-per-billion detection limit, the
lowest reported to date for plasmonic sensors’'3-® with
2,4-dinitrotoluene and ammonium nitrate. The selectivity
between 2,4-dinitrotoluene, ammonium nitrate and nitrobenzene
is on a par with other state-of-the-art explosives detectors'®2°,
Our results show that monitoring the change of the lasing
intensity is a superior method than monitoring the wavelength
shift, as is widely used in passive surface plasmon sensors.
We therefore envisage that nanoscopic sensors that make
use of plasmonic lasing could become an important tool in
security screening and biomolecular diagnostics.

Cavities in which the light-matter interaction is greatly enhanced
have emerged as one of the most promising platforms for
sensing'®*1-2%. The sensitivity of these detectors is ultimately deter-
mined by the quality factor of the cavity modes and the surface-to-
volume ratio, but the diffraction limit of light creates a barrier to
improving these two features simultaneously in a conventional
optical cavity?®. Surface plasmons are able to achieve nanoscale con-
finement of electromagnetic fields, which has led to the develop-
ment of a variety of surface plasmon-based sensing schemes!~.
However, at present, surface plasmon sensors are passively excited
and suffer from the intrinsically high ohmic losses of metals, result-
ing in a low quality factor of the resonances and thus limiting their
sensitivity. With active excitation, recently introduced plasmon
lasers exhibit well-confined strong local fields, increased radiating
power and dramatically narrowed linewidth when compared to
passive surface plasmon resonators?*~l. Such an active plasmon
cavity has been theoretically predicted to achieve higher sensitivity
to changes in the local environment!%-12,

Figure la presents a schematic and Fig. 1b a scanning electron
microscope (SEM) image of an active plasmon sensor. The device
consists of a single-crystalline semiconductor CdS nanoslab (thick-
ness, 50 nm; length, 600 nm) on top of a Ag surface, separated by an
8-nm-thick MgF, gap layer. The surface plasmon effect localizes the
electromagnetic field at the interface between the metal and the

semiconductor, allowing both the physical size and mode confine-
ment of the device to shrink to the nanometre scale in the dimen-
sion perpendicular to the metal surface (Fig. 1c). The calculated
mode volume is only ~0.031> (see Methods). The semiconductor
slab, with its atomically smooth surface (Fig. 1d), simultaneously
serves as the gain and nanoscale sensing medium in the lasing
plasmon nanocavity. The large surface-to-physical-volume ratio
(8/Vphy) of the nanocavity, which is inversely proportional to the
nanoslab thickness, strengthens the surface modulation effect on
the emission. The large surface area S favours the adsorption of the
analyte, and the small physical volume of active material Vjp,y limits
the number of carriers to be modulated inside. In the present
device, the estimated number of carriers for the plasmon lasing oper-
ation is only ~2 x 10* (see Methods), making the emission intensity
intrinsically sensitive to a very limited number of surface events.

The characterization of device sensitivity was performed in a
sealed chamber with two ports for gas exchange and an optical
window for both pumping and signal collection (Fig. 2a). The
device was exposed to a flow of diluted target chemical at a con-
trolled concentration. 2,4-Dinitrotoluene (DNT) with a saturation
concentration of ~100 ppb at room temperature was chosen as
the target chemical’®. Inert N, gas was used to dilute the DNT
vapour while also serving as the background reference. The device
was optically pumped above the lasing threshold at room tempera-
ture. Figure 2b shows the dependence between the pump intensity,
the emission power and the linewidth of the device. We can see that
the lasing emission above threshold has a much narrower linewidth,
stronger intensity and higher slope efficiency than those for spon-
taneous emission. These features endow the device with high per-
formance in terms of its high signal intensity I and relative
intensity change AI/I at peak wavelengths.

In our sensing scheme the change in the peak intensity of the
lasing emission reflects the detection of molecules adsorbing on
the lasing cavity. In Fig. 2¢, the lasing emission spectrum under a
flow of 8 ppb DNT is compared with that under pure N,. The
surface adsorption of DNT induces an apparent change in the
peak intensity at ~505 nm, but no appreciable change in the peak
wavelength can be observed. Figure 2d shows the evolution of the
peak intensity at 505 nm as the flow alternates between pure N,
and diluted DNT at various concentrations. We observed an
increase in the peak intensity and further saturation within several
minutes after switching on a flow of diluted DNT. As shown in
Fig. 2d, even at 1 ppb, 6% of AI/I can be detected. The peak intensity
decreases to the original value after switching back to a pure-N,
flow, demonstrating the reversible nature of the response. The
response time of the device reflects the slow change of the local
DNT concentration at the device surface. This transient time of
several minutes is not due to the device itself, but is mainly deter-
mined by the flow rate and the volume of the chamber.

We also tracked the lasing peak wavelength via Gaussian fitting
of the spectra. There was no appreciable change in the peak
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Figure 1| Schematic, SEM image, simulated field distribution and transmission electron microscope (TEM) image of an active plasmon nanosensor.

a, Sensing is based on the intensity change in stimulated emission from a lasing plasmon nanocavity with subwavelength electromagnetic field confinement,
where the semiconductor slab provides optical gain as well as acts as a sensing material. b, SEM image of the device, which consists of a CdS nanoslab
(thickness, d;, 50 nm; length, 600 nm) on top of a Ag film, separated by an 8-nm d, low-permittivity MgF, layer. ¢, Left: Electric field distribution in a cross-
section of the electromagnetic nanoslab cavity mode simulated in three-dimensional space. Scale bar, 100 nm. Right: Electric field amplitude |E| distribution
along the dashed red line in the left panel. d, High-resolution TEM image (top view) of the CdS slab, showing the single-crystal structure and atomic-level
smooth surface, which are crucial for the optical performance of the device. Scale bar, 2 nm. DNT, 2,4-dinitrotoluene.

wavelength at various DNT concentrations (Fig. 2d, green circles).
This observation indicates that the direct monitoring of the
lasing intensity has a performance superior to that when
monitoring the index-change-induced peak wavelength shift in
active plasmon sensors.

To understand the underlying mechanism of the sensing process
we measured the time-resolved spontaneous emission of the cavity
(Fig. 3). For intensity modification there are two possible physical
processes®. In the first scenario, DNT molecules adsorbed on the
device modify the localized charge layer at the surface, giving rise
to an electrostatic field in the near-surface region within the semi-
conductor. In the second scenario, the DNT influences the rate of
surface recombination through interactions with surface states.
The first process can increase the emission intensity by mitigating
band bending, but reduces the emission lifetime because of the
increased electron-hole wavefunction overlap. In the second scen-
ario, the adsorbed DNT can reduce the non-radiative recombination
by shifting or removing the intrinsic surface state. This process
increases the emission intensity and lifetime, as the total emission
lifetime 7 is dependent on the radiative lifetime 7,4 and non-
radiative lifetime 7,opnpaq in the form 1/7=1/74 + 1/7 g In the
experiment we delivered 100 ppb DNT vapour into the chamber.
The results show that the emission intensity from the device increased
after introduction of the vapour, following the same trend as the
stimulated emission regime. Meanwhile, the measured emission
lifetime became longer, as shown in Fig. 3. These results suggest
that our detection mechanism relies mainly on surface recombina-
tion velocity modification.

Although the detection of DNT in N, has proved the principle of
our sensor devices, achieving a practical sensor requires measuring
the target molecules in air in the presence of common interferences.
To achieve this, we alternately delivered air (comprising N,, O,
H,0, CO,, CO, total hydrocarbon, NO, and so on) and N, into
the chamber. The lasing intensities increased by only ~1% after

each air delivery, then decreased to the original value after switching
back to pure N,. We then conducted a series of experiments to
detect three different explosive molecules: DNT, ammonium
nitrate (AN) and nitrobenzene (NB). Air was used both to dilute
them and as the background reference. Figure 4a—c presents con-
tinuous traces of lasing intensities with varied concentrations of
these analytes. The lasing intensities clearly increase after each
analyte delivery and decrease to the initial value after switching
the input gas to air only.

The calibration curves for the three analytes were obtained from
the sensor responses, with AI/I plotted as a function of the analyte
vapour concentrations (Fig. 4d). The sensitivities (defined as the
slope of the calibration curves®®) for DNT, AN and NB are
1.2%/ppb, 6.1%/ppb and 0.4%/ppm, respectively. The limits of
detection of these analytes in air can also be obtained from the
calibration curves. The minimum distinguishable analytical signal
Sioa is taken as a + 38, where g and S are the y-intercept and standard
deviation of the regression of the calibration curves, respectively.
The detection limits obtained for DNT, AN and NB are 0.67 ppb,
0.4 ppb and 7.2 ppm, respectively. We have therefore demonstrated
that our sensor responds to the different analytes in air with good
robustness, reversibility, as well as stability over our long-lasting
experiments (>5 h). Note that our sensor is based on the surface
recombination velocity modification, which is sensitive to the elec-
tron deficiency of adsorbed molecules. Our device can identify
different explosive traces with distinct sensitivity when only one
explosive is present in air. However, distinguishing each type of
explosive in a mix of multiple explosives remains a challenging
task. Nevertheless, in field applications such as airports, detecting
explosives of any kind in air is sufficiently useful as a first alarm,
even without distinguishing them. Further work, such as using a
sensor matrix, coating with appropriate functional molecules or uti-
lizing the enhanced Raman signal in the lasing plasmon sensor, will
be needed to further explore the specific response of an analyte.
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Figure 2 | Characterization of the active plasmon sensor. a, Experimental set-up. The device is placed in a sealed chamber, with two ports for gas exchange
controlled by mass flow controllers (MFCs), and an optical window for both pumping and signal collection. b, Pump intensity dependence of the total output
power and linewidth of the device. The stimulated emission above the lasing threshold has stronger intensity, higher slope and much narrower linewidth than
the spontaneous emission. ¢, Measured spectra of the lasing plasmon cavity under N, and 8 ppb 2,4-dinitrotoluene (DNT). d, Red diamond: continuous trace
of emission intensities of the active plasmon nanosensor when delivering DNT vapour at concentrations of 1, 2, 4 and 8 ppb. Black line: guide to the eye.
Green circles: the tracked lasing peak wavelength obtained by Gaussian fitting of the spectra. There is no appreciable change in the peak wavelength at
various DNT concentrations, which indicates that directly monitoring the lasing intensity has superior performance than monitoring the index-change-induced
peak wavelength shift in active plasmon sensors.
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Figure 3 | Time-resolved emission of the sensor measured at the
spontaneous emission region to investigate dynamic processes of the
photon-excited carrier relaxation. Two typical time-resolved spontaneous
emissions under N, and 100 ppb 2,4-dinitrotoluene (DNT). After the
introduction of DNT vapour, the emission intensity from the device
increased, following the same trend as the stimulated emission region.
Meanwhile, the measured emission lifetime became longer. Both the
intensity and lifetime changes to the spontaneous emission with DNT
suggest that the intensity increase is mainly due to the surface

recombination velocity modification.
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The sensitivity of our sensor in the lasing condition is signifi-
cantly enhanced when compared to that in the spontaneous emis-
sion condition. Figure 5a shows the continuous trace of
spontaneous emission intensities when DNT was delivered as
vapour of varied concentration. Figure 5b shows the calibration
curves for DNT detection in the spontaneous emission condition.
The sensitivity and detection limit were obtained as 0.23%/ppb
and 14 ppb, respectively. We can see that the sensitivity of lasing
emission is approximately five times higher than that of spon-
taneous emission, and the detection limit is about 21 times better.
We note that the peak intensity of the lasing emission is about 60
times higher than that of the spontaneous emission (Fig. 5¢). So,
the sensitivity of lasing emission is about 300 times higher than
that of spontaneous emission when Al is directly used as the
measure of signal®®.

In summary, we have experimentally demonstrated the first
active plasmon sensor with sub-part-per-billion-level explosive mol-
ecule detection. We can make the following observations. First, the
solid-state semiconductor simultaneously provides optical gain and
acts as the sensing medium in our active plasmon sensors, and the
devices detect different explosive molecules with specific responses
depending on the electron deficiencies of the molecules. Second, the
sensitivity of the lasing emission from the calibration curve is about
300 times greater than that of spontaneous emission, because the
lasing emission has a much stronger intensity and higher slope effi-
ciency. Finally, directly monitoring the lasing intensity has a
superior performance than monitoring the wavelength shift due
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Figure 4 | Detection of 2,4-dinitrotoluene, ammonium nitrate and nitrobenzene in air. a-c, Continuous traces of lasing intensities at different vapour
concentrations of DNT (a), AN (b) and NB (¢), diluted by air. d, Calibration curves for the three analytes. The sensitivities defined as the slope of the
calibration curves for DNT, AN and NB are 1.2%/ppb, 6.1%/ppb and 0.4%,/ppm, respectively. The detection limits obtained for DNT, AN and NB are
0.67 ppb, 0.4 ppb and 7.2 ppm, respectively. The device has a specific response to different target molecules depending on their specific electron
deficiencies, because our sensing is mainly based on the surface recombination velocity modification, which is sensitive to the electron deficiency of
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Figure 5 | Detection of explosive molecules via spontaneous emission. a, Continuous trace of spontaneous emission intensities at different
2,4-dinitrotoluene (DNT) vapour concentrations diluted by air. b, Calibration curve for DNT detection via spontaneous emission. The sensitivity and detection
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used as a direct measure of the signal, the sensitivity of lasing emission is approximately 300 times higher than that of spontaneous emission.

to the index change. The wavelength shift was hardly distinguishable
in the ultra-trace detection. These results demonstrate the potential
of actively excited surface plasmons for chemical sensing, with
important implications for security, defence and other applications.

Methods

Sample preparation. The CdS nanoslabs were synthesized using a chemical vapour
deposition method. CdS (99.995%) powders were used as the source, and pieces of Si
wafers covered with 10-nm-thick thermally evaporated Au catalysts were used as the
substrates. The as-grown CdS nanoslabs had a single-crystalline lattice structure with
a lattice spacing of acqs = 0.67 nm along the [0001] axis, corresponding to a wurzite
crystal lattice (Fig. 1b). The Ag/MgF, substrates were deposited by electron-beam
evaporation. The film roughness (root mean square) measured by atomic force
microscopy was ~1 nm. CdS nanoslabs were deposited from solution by spin-
coating onto the Ag/MgF, substrates.

Numerical mode simulations. The optical modes of the active plasmon sensors
were calculated using a finite-element method three-dimensional eigenmode
solver (Comsol Multiphysics). In this model, the CdS nanoslab (ncgs = 2.5) lies

in contact with an 8 nm MgF, (nyge, = 1.38) gap layer above a single Ag strip
(eag=&— E,ZJ[E(E - iy)]'l, & =5¢eV,y=0.04 eV). The effective mode volume of the
lasing plasmon cavity is calculated as Vg = ( J we,(t)d’r/e)e(|E[2,,)), Where wep, is
the electromagnetic energy density of the mode E in the denominator is the
evaluated maximal electric field. Taking into account the strongly dispersive
property of Ag, w,,(r) is equal to (1/2)[Re[d(o.)s)/dw]|E(1')|2 + /4|H(r)|2]. The

Q factors of the cavity modes are calculated from the formula Q = f/Af, where f, is
the resonance frequency and Af is the full-width at half-maximum of the resonance
spectrum. For the Q factors of the cavity modes with introduced gain, a complex
refractive index of ncgs = 1 — ix is set, where the gain coefficient x can vary
depending on the pump intensity. The Q factor is significantly enhanced by orders of
magnitude with increasing gain coefficient «, and reaches a maximum at x = 0.19,
which corresponds to a material gain (g=4mx/1) of ~9,500 cm™".
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Device measurement. The active plasmon nanosensors were placed in a sealed
chamber. The saturated DNT vapour in N, was diluted by another N, channel, so its
final concentration could be determined by the ratio of the flow rates in the two
channels. The devices were optically pumped by a frequency-doubled, mode-locked
Ti:sapphire laser (Spectra Physics) with A,ymp =405 nm, a 10 kHz repetition rate
and ~100 fs pulse length. A x20 objective lens (NA = 0.4) was used to focus the
pump beam to a ~2-um-diameter spot onto the sample and collect the
luminescence. All experiments were conducted at room temperature.

Cavity carrier number estimation. The large surface-to-physical-volume ratio
(S/Vphy) of the nanocavity strengthens the surface modulation effect, because the
number of carriers inside is essentially limited by Vj,, and there is a large surface
area for analyte absorption. S/Vhy can also be expressed as (S - n,/N), where

Vphy =(N/n,), n is the carrier concentration and N is the carrier number in the
cavity. The carrier density around the lasing threshold of the plasmon nanoslab
cavity is on the order of 1 x 108 em™ (ref. 31). Given that the Vpny of the CdS
nanoslab is ~0.018 pm3 (~0.141%), the number of carriers for lasing operations (N)
in the device is ~1.8 x 10,
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