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ABSTRACT

Quantum well intersubband polaritons are traditionally studied in large scale systems, over many wavelengths in size. In
this presentation, we demonstrate that it is possible to detect and investigate intersubband polaritons in a single sub-
wavelength nanoantenna in the IR frequency range. We observe polariton formation using a scattering-type near-field
microscope and nano-FTIR spectroscopy. We will discuss near-field spectroscopic signatures of plasmonic antennae with
and without coupling to the intersubband transition in quantum wells located underneath the antenna. Evanescent field
amplitude spectra recorded on the antenna surface show a mode anti-crossing behavior in the strong coupling case. We
also observe a corresponding strong-coupling signature in the phase of the detected field. We anticipate that this near-field
approach will enable explorations of strong and ultrastrong light-matter coupling in the single nanoantenna regime,
including investigations of the elusive effect of ISB polariton condensation.

Keywords: polariton, strong light-matter coupling, intersubband transition, quantum well, near-field microscopy, nano-
FTIR, plasmonic nanoantenna, dipole resonance.

1. INTRODUCTION

The intersubband (ISB) transition is one of the fundamental quantum effects experienced by electrons confined in a
quantum well [1]. In addition to the scientific significance, the quantum well systems with ISB transitions found a range
of practical applications in optoelectronics and enabled IR detectors and quantum cascade lasers (QCL). When the ISB
transition interacts with a cavity or a resonator, the coupling between the resonant photons and electrons in the quantum
well can lead to formation of a polariton state, a superposition of the photon and quantum well excitation. In its turn, this
light-matter interaction can lead to more exotic quantum phenomena, such as polariton condensation and lasing [1,2].

To limit the impact of inhomogeneities and to maintain coherence over the entire system, it is desired to investigate
polariton quantum phenomena in a small (sub-wavelength size) isolated system, for instance in a single nanoscale antenna.
However, such a configuration presents a challenging experimental problem in the IR and the terahertz (THz) parts of the
spectrum. In this presentation, we will discuss one solution to this problem.

1.1 Nano-antennas for investigations of ISB polaritons

In general, a nano-antenna provides a convenient approach to enhance light-matter interaction. It is especially true for ISB
excitations in quantum wells, because the optical transition selection rule requires that the electric field vector of light is
perpendicular to the quantum well plane. In the past, special microcavities were fabricated to study ISB polaritons. The
photon field in such microcavities however had poor field confinement, and light coupling to the cavity was difficult.
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In contrast, a small metallic patch or a nanoantenna fabricated on the surface of a quantum well sample naturally
provides the required electric field polarization [3]. In addition, a plasmonic nanoantenna can provide strong confinement
and resonant enhancement of the optical field, leading to stronger light-matter interaction.

A nanoantenna however has a drawback: a subwavelength size antenna placed on a high-index material with the
quantum wells results in very small total scattering cross-section. That makes observing ISB polaritons in a single
nanoantenna difficult, and so far, such studies have been performed using arrays of antennae.

Attempts have been made to reach the single-antenna regime by gradually reducing the total number of array
elements, and by increasing the separation between antennae in the array [4,5]. However, neither of these approaches
reached the single nanoantenna regime, because the signal became too weak to be detected.

Near-field microscopy offers an alternative approach to the problem of single-antenna investigation. It has been
shown that a subwavelength antenna yields sufficiently strong signal when studied by a near-field microscope [6-9], for
example the scattering type microscope [10,11]. Therefore, the question that we need to address is whether a nanoantenna
displays an ISB polariton signature in the near-field microscopy signal, and if so, what is the physical mechanism behind
the ISB polariton signature.

1.2 Near-field probing of nano-antenna coupled to the ISB transition

Figure 1 illustrates the near-field microscopy approach for probing ISB polaritons in a single nanoantenna. A metallic
antenna is defined lithographically on the surface of a quantum well sample, and it is excited with a broadband IR pulse.
If the excitation is in resonance with the antenna, we expect that resonant plasmonic fields are formed on the antenna
surface. To detect these field, we approach the antenna with an AFM probe, which scatters some of the field energy from
the antenna surface to a detector positioned in the far-field region.
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Figure 1. Schematic diagram of near-field probing of ISB polaritons in the single-nanoantenna regime.

For our experiments, we chose two quantum well systems with the ISB transition wavelengths in the region of 10-
12 pm. Each quantum well is made of Ino.s3Gao.47As with Alo.4sIno.s2As barriers, and the samples have stacks of 20 quantum
wells. We used two samples: one with the quantum well thickness of 9.5 nm; and the second with wider quantum wells,
12.5 nm. The quantum well width allows us to control the electron transition energy from the ground to the excited state,
and for the 12.5 nm quantum well the transition is at 800 cm™!, whereas the transition is at 1150 cm™ for the 9.5 nm
quantum well [12]. The former will be used as reference.

For the nanoantenna we choose the dogbone geometry (Fig. 1). Arrays of such antennas fabricated on similar
quantum well systems showed formation of polaritons in earlier studies, with clear splitting of the ISB transition into two
polariton states. This antenna design is also subwavelength: an antenna of about 1 pm in size has a dipolar resonance at a
wavelength of ~10 um. Numerical simulations of this design confirm that the electric field magnitude |E| for such an
antenna is distributed in the region of quantum wells, with a strong normal component satisfying the ISB transition
selection rule [12]. Therefore, this antenna design is good for ISB polariton studies: it provides strong subwavelength
confinement, which we need in order to achieve the regime of strong coupling.
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The linewidth of the antenna resonance is approximately 200 cm™ [12]. Therefore, for an antenna with the resonance
centered at 1150 cm!, we expect it to couple to the ISB transition of the 9.5 nm quantum well sample, but not to the ISB
transition in the 12.5 nm quantum well reference sample.

2. EXPERIMENTAL RESULTS
2.1 Resonant fields on the nano-antenna surface

We first analyze the dipolar mode of the antenna using the scattering-type near-field microscope. One way to confirm that
the mode is supported by the antenna is through analysis of spatial distribution of the fields on the antenna surface. In this
experiment we use CW radiation at the wavelength of 10 um from a mid-IR quantum cascade laser (QCL) and we map
the amplitude of the scattered field on the sample surface.

Figure 2 displays the detected amplitude of the scattered field for two nanoantennae: one is selected to be in resonance
with the QCL excitation, and the other is selected to have its resonance at a sufficiently different wavelength. To avoid
ISB excitation, we use the 12.5 nm quantum well sample, so that the ISB transition is not activated either.

The near-field maps in Fig. 2 clearly show the outline of the metallic structure of the antenna. In addition, the top
map shows that the amplitude on the field is different on the opposite sides of the resonant antenna, indicating formation
of the dipolar resonance. For the larger antenna the incident field does not excite the antenna resonance (bottom map), and
we find that the scattered field is uniform over the entire metallic surface.

These examples highlight the fact that the near-field microscope provides two different components in the detected
signal. In addition to the resonant fields on the surface, the microscope also shows material contrast: metallic features
appear brighter than the semiconductor surface. Quantitatively, the scattered field signal from the metallic features of the
non-resonant antenna is about twice as strong as the signal from the semiconductor. In an excited antenna, resonant fields
are superimposed on the material contrast signal. As a result, the field amplitude changes from low to high going from the
front to the back side of the antenna. This corresponds to a superposition of the enhanced scattered field from the metallic
surface and the dipolar distribution due to the resonance excitation on the antenna.

We note that the resonant fields appear on the antenna surface only if its resonant frequency matches the incident
field frequency. Although this mode is primarily distributed in the semiconductor, the mode energy leaks on the antenna
surface by means of surface waves, enabling detection of the mode by the near-field microscope.

Figure 2. Schematic diagram of antenna excitation (left panel). Near-field amplitude maps in the CW mode for two antennae
(right panel). The top map shows an antenna in resonance with the QCL excitation; the bottom map shows a larger antenna
with the dipolar resonance at sufficiently lower frequency (adapted from Ref. 12).
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2.2 Nano-FTIR spectroscopy of nanoantenna

Now we spectroscopically analyze the evanescent fields on the antenna surface under broadband pulsed excitation covering
a spectral region from 800 cm™ to 1350 cm™. We detect near-field signal at the bars of the antenna where the resonant
field amplitude is the strongest (marked by letters ‘F’ and ‘B’ in Fig. 2). When we compare the Fourier amplitude and
phase of the detected field at the two locations, at the front bar and the back bar of the antenna, we find that the FTIR
spectrum shows a dip at the resonance frequency of the antenna, ~1100 cm ™!, whereas the spectrum of the back bar shows
a peak around the same frequency. This is consistent with our interpretation of the near-field signal, i.e. that the signal is
superposition of the field scattered by the metallic surface and evanescent resonant field. Depending on the phase of the
resonant field with respect to the field scattered by the metallic surface, we see either constructive of destructive
interference at the resonance frequency. Therefore, we can spectroscopically analyze properties of this dipolar mode in the
antenna by probing the evanescent field on the antenna surface.

Furthermore, we can take advantage of the FTIR spectroscopy capability to extract phase of the detected field, and
utilize the phase information in our analysis. In Fig. 3 we plot the scattered signal in the complex plane, using a vector
with the length equal to the field amplitude and its direction defined by the phase. The signal vector describes a circular
trace in the complex plane as we sweep the Fourier frequency. For the front bar the trace is shown by the red dots and for
the back bar, by the blue dots. This phasor representation helps to reveal the two contributions to the near-field signal: the
resonant antenna field contribution is a rotating vector, which changes its direction with frequency near the nanoantenna
resonance, whereas the frequency-independent contribution is a stationary vector directed to the region where the two
circles ‘touch’. The phasor diagram in Fig. 3(b) serves as a reference near-field signature of the antenna resonance.
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Figure 3. (a) Nano-FTIR spectroscopy analysis on the back bar of the / = 850 nm antenna. The top row shows the amplitude
and phase of the scattered signal for the antenna placed on the stack of the 12.5 nm wide quantum wells; the bottom row
shows the FTIR signal for the antenna on the 9.5 nm wide quantum wells. (b) Phasor representation of the amplitude and
phase information for the antenna on the 12.5 nm quantum well sample, collected at the back and the front bar of the antenna.
(c) Phasor plot for the antenna on the 9.5 nm quantum well sample (collected at the back bar) showing a frequency trace with
two loops, one for each of the polariton branches. Adapted from Ref 12.

2.3 Near-field signature of ISB polaritons

Having identified this near-field signatures of the nanoantenna resonance in amplitude and phase spectra, we now introduce
coupling to the ISB transition. We select a nanoantenna to match the quantum well excitation for the 9.5 nm wide well
sample and record nano-FTIR amplitude and phase spectra.

As we showed in Fig. 3(a), for the 12.5 nm quantum well, the nanoantenna does not couple to the ISB transition since
it is off resonance, and the nano-FTIR spectrum shows only the antenna resonance signature at ~1150 cm!. In contrast,
the same nanoantenna on the 9.5 nm sample shows now two distinct peaks in the amplitude spectrum, above and below
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the ISB transition energy, whereas the field enhancement at the resonance frequency of the uncoupled nanoantenna
disappears entirely.

This splitting of the nanoantenna peak indicates polariton formation. One peak corresponds to the lower polariton
branch and the other corresponds to the upper polariton branch. We also observe a different signature in the phase
spectrum, which shows two steps, instead of one, each centered at one of the polariton frequencies. To our knowledge,
this is the first observation of ISB polaritons in the single antenna regime. The polaritons show also a distinctly different
trace in the complex plane. The phasor now describes a frequency trace with two complete loops indicating that the
corresponding phase changes by 7 for each of the two polariton states.

2.4 1SB Polariton dispersion in single nano-antenna regime

We now can use this nano-FTIR technique and map dispersion characteristics of the ISB polaritons in the single
nanoantenna regime. We fabricate a set of nanoantennae with sizes ranging from 600 to 1600 nm on two samples with
different widths of the quantum wells and, as before, we record amplitude and phase spectra at the same point for every
antenna. The results are shown in the maps in Fig. 5, where we combined the amplitude spectra for all the antennae along
the horizonal coordinate.

For the 12.5 nm quantum wells, where the ISB transition is not excited by the incident pulse, only the antenna
resonance is present in the map: the amplitude peak shifts in frequency with the inverse antenna length practically linearly.
The same nanoantenna set fabricated on the 9.5 nm QW stack shows a different behavior. In the low-frequency range, it
follows the antenna dispersion; however, in the region of the ISB transition, the peak starts shifting to right side of the map
and disappears. For antennae with resonance frequencies close to the ISB transition, we see two peaks with a splitting of
about 200 meV [12].

This dispersion map shows the polariton anti-crossing behavior in the single nano-antenna regime. We note that all
of the data are collected from one sample with a set of 16 antennas of different sizes (Fig. 4a). It demonstrates the power
of the nano-FTIR approach. We anticipate that this technique will open doors for investigations of light-matter interaction
in the single subwavelength nanoantenna regime.
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Figure 4. (a) SEM image of a set of dogbone antennae used for polariton dispersion mapping. The antennae are spaced 4 um
apart. (b) Amplitude spectra for all of the antennae are arranged as maps where the vertical axis represents the frequency and
the horizontal axis represents the inverse antenna size. The left map shows spectra for the antennae on the 12.5 nm quantum
well sample, and the right map shows spectra for antennae on the 9.5 nm quantum well sample. (c) Peak frequencies extracted
from the amplitude maps for varying inverse antenna size. Adapted from Ref. 12.
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3. CONCLUSIONS

In summary, we demonstrate for the first time that probing of IR ISB polaritons in an isolated subwavelength size
nanoantenna can be realized using scattering-type near-field FTIR spectroscopy. This is done through detection of
evanescent fields on the nanoantenna surface. We demonstrate that the evanescent field exhibits a distinctive polariton
anti-crossing behavior, where the nanoantenna resonance splits into two polariton branches if it is in resonance with the
ISB excitation. Using the near-field approach, we mapped polariton dispersion in the single nanoantenna regime.
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