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Tamm Plasmon-Polariton Ultraviolet Lasers

Wen-Hui Xu, Yu-Hsun Chou, Zih-Ying Yang, Yi-Yun Liu, Min-Wen Yu,
Chen-Hang Huang, Chun-Tse Chang, Chen-Yu Huang, Tien-Chang Lu,* Tzy-Rong Lin,

and Kuo-Ping Chen*

The ZnO-based Tamm plasmon-polariton (TPP) ultraviolet laser is realized with
the strong electric field confinement in the active layer. A coupling between TPPs
and photons with a Rabi splitting of ~30 meV is observed at room temperature.
Furthermore, the TPP lasing at 373 nm is clearly observed by optical pumping.
The corresponding lasing characteristics, such as threshold energy, linewidth,
and angular dispersion curve are verified. These results form a basis for better

understanding of the TPPs lasing mechanisms.

1. Introduction

Plasmonic resonance has received great attention for decades
due to strong localization of electromagnetic fields. The well-
known plasmon state, like surface plasmon polaritons (SPPs)
and localized surface plasmon (LSP), have been intensively stud-
ied for many possible applications, such as nanoantennas,™?
biosensors,** metasurface,” hot-electron nanoscopy,!® and
energy harvesting.”® In recent times, another plasmon state
which behaves like an electron surface state, also known as a
Tamm plasmon-polariton (TPP), has been investigated.”’ A
Tamm plasmon structure is composed of a distributed Bragg
reflector (DBR) and a metal film, as was first proposed by
Kaliteevski et al. in 2007.'! Unique optical phenomenon can
be observed for TPPs, including a sharp resonance and strong

electric field confinement at the interface
between the DBR and the metal layer.!'!]
Unlike SPPs, TPPs can be excited directly
without a coupler or prism.'? As TPP-
based structures do not require any pattern-
ing, the fabrication of TPPs device is
straightforward and would be able to scale
up to larger sizes. TPPs have been applied
in sensors,'*' thermal emitters,'>%
hot-electrons collection,!'”) enhancement of
light absorption,!"®'*! and nanofocusing.””
Due to the strong field confinement of
TPPs, it would also be a suitable structure for investigating
the effect of Rabi splitting as well as the performance of strong
coupling.**~%¢) Under strong coupling conditions, TPP and
excitons will form a new quasi-particle-Tamm plasmon exciton—
polariton. Compared with excitons, its equivalent mass is
smaller, so it is easier to form Bose-Einstein condensation than
excitons. When the Tamm plasmon exciton—polariton is con-
densed by stimulated scattering in the final state, a lower laser
threshold will be achieved. Furthermore, a Tamm plasmon cavity
may facilitate integration with electrical pumping, which has
great potential for the development of electrical excitation devices
in the future.

One of the most important applications of strong coupling
would be the cavity—emitter coupling, such as photolumines-
cence modification and lasing under strong coupling.?”**!
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In conventional design of semiconductor microcavity, the optical
cavity between two DBRs is usually adopted because of their high
reflectivity. However, the distributed reflections at multiple inter-
faces of DBR make the electric field of the cavity to penetrate the
DBRs yielding a relatively weak optical confinement of the elec-
tric field in the semiconductor microcavity. Conventional DBR
cavities would lead to only a small Rabi splitting between two
polariton modes, which makes the polariton lasing under strong
coupling relatively difficult. To achieve well-confined photons,
one DBR is replaced by a metal mirror with a penetration depth
less than 30 nm; this could improve the field confinement and
form TPPs in the active layer. Comparing with conventional
microcavity devices, TPP could provide stronger field confine-
ment at the interface of metal and DBR, which allows the active
layer to be thinner than the traditional cavity length and attains
higher possibility to achieve strong coupling and lower threshold
operation.

Several researchers used an InGaAs quantum well (QW)
embedded in TPP structures for realizing TPP lasers.”>~*"]
However, the binding energy of InGaAs is so small that the
effects of coupling are not obvious. Moreover, the device requires
an epitaxial fabrication process, which is expensive and limited
by the substrate choice. Therefore, the large binding-energy
material, ZnO, can be a good candidate as an active layer to
replace the QW. In addition, ZnO has a large bandgap, which
could act as an ultraviolet (UV) lasing source. In addition,
ZnO thin films could be easily fabricated by magnetron sputter-
ing. A combination of ZnO and TPP structures would more eas-
ily achieve strong coupling and enable coherent TPP emission
without population inversion, showing smaller lasing threshold
than that for a traditional cavity laser.?>** Some researchers also
investigated the phenomenon of exciton—polaritons interactions
with transition metal dichalcogenide (TMDC) embedded in TPP
structures.****! However, less discussion is devoted to the UV
wavelength region, and none covers the lasing generation.
A UV laser is an emerging tool for applications such as drug
detection, protein analysis, DNA sequencing, medical imaging/
therapy, curing, and lithography.*®! Therefore, in this study, a
TPP laser with a ZnO thin film was developed for the UV region.
ZnO has a direct bandgap of 3.35 eV and a large binding energy
of 60meV.?”) These properties contribute to observe with
anticrossing of strong coupling at the UV wavelength region.

In this study, we demonstrate the TPP laser at 373 nm. By tun-
ing the incident angle from 0° to 60°, the coupling between exci-
tons and TPPs can be observed when the angle is larger than 30°.
To discuss the anticrossing and strong coupling, the coupled
oscillator model was used to fit the upper polariton branch
(UPB) and lower polariton branch (LPB). Finally, we investigated
the lasing spectra with different pumping densities and showed
that lasing occurs when the pumping density exceeds
235 Wem™? with the linewidth decreasing to 0.693 nm.

2. Fabrications

The DBR was composed of 25 layers of Ta,Os/SiO, on a Si
substrate by the electron beam evaporation process. Next, a
36 nm-thick ZnO thin film was deposited on a DBR by the RF
magnetron sputtering (BRANCHY TECHNOLOGY Sputter
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Figure 1. a) Schematic diagram of the proposed structure. The 36 nm-
thick ZnO and 36 nm-thick silver layers were deposited on the top of
the DBR consisting of 25 layers of Ta,Os and SiO,. b) A cross-sectional
TEM image of the sample. The inset in yellow block shows high quality of
the thin films. The films are silver, ZnO, Ta,0s, and SiO, from the top layer
to the bottom layer.

S100B). Finally, a 36 nm-thick silver layer was deposited on
top of the ZnO by the electron beam evaporation. The central
wavelength of the DBR was 420nm. Figure 1a shows the
schematic diagram of the proposed structure. In addition, the
corresponding cross-sectional transmission electron microscopy
(TEM) image is shown in Figure 1b.

3. Results and Discussions

Figure 2 shows the experimental results for the reflectance spec-
tra of the DBR and TPP samples measured by UV/Vis/NIR
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Figure 2. Measured reflectance spectra of TPP structure (black line) and
bare DBR (gray area). UV-vis—NIR spectroscopy was used for the
measurement. By adding the ZnO and the silver layer on the top of
the DBR, the resonant dip appears within the stopband of DBR which
is indicated as the black line. The red line indicates the absorptance of
TPP resonance. As the substrate is a single side-polished silicon substrate,
the transmission spectra are ~0 at visible wavelength. Therefore, we
defined absorption (A) as 1-R (reflectance). The red line is the absorptance
spectra of the TPP structure, and the black square indicates the absorp-
tance value at the resonance wavelength of Tamm plasmon.
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spectroscopy (HITACHI U4100). These spectra are used to
characterize the TPP resonance. The reflectance dip within
the stopband region of the DBR can be observed at 379 nm with
avalue of 17.12%. The TPPs enables strong electric field confine-
ment at the interface of the silver layer and the DBR. To enhance
the coupling between excitons and TPPs, the 36 nm ZnO thin
film was deposited at the interface between the silver film and
the DBR. Figure 3a shows the electric field distribution in which
the strong electric field confinement can be clearly observed
at the TPP resonance wavelength. The finite element method,
commercial software (COMSOL Multiphysics) was used to calcu-
late the electric field distribution. In this modeling, we adopted
2D structures in the models where the periodic boundary
conditions are used. The electric field distribution (|E|) was
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Figure 3. a) The electric field distribution at resonant wavelength =379 nm
and the refractive index profile (from left to right: Si substrate, TPP structure,
and air) for the proposed TPP structure. Using Tamm plasmon structure,
strong electric fields could be localized at the interface between the DBR and
the metal layer. This feature can be used to confine photons in the ZnO
layer. b) The optical properties of ZnO were confirmed by PL spectroscopy
measurements with the excitation wavelength at 355 nm. The PL peak of
ZnO was at a wavelength of ~383 nm.
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extracted along the structure. Moreover, the resonant wavelength
can be adjusted by varying the thickness of the ZnO thin film. As
the thickness of the ZnO film was smaller than half of the optical
path length, only the Tamm plasmon mode could exist. The
emission spectra of excitons of the ZnO film are investigated by
photoluminescence (PL) spectroscopy (Princeton Instrument);
these spectra are shown in Figure 3b. The PL peak was observed
at around 383 nm.

To realize the TPP laser, we investigate the reflectance spectra
at room temperature to explore whether the structure has a TPP
mode. As the ZnO film in this experiment is made by electron
beam evaporation, the formed film is polycrystalline, which
causes excitons to have strong inhomogeneous linewidth broad-
ening and weaker oscillation strength at room temperature.
At room temperature, we only consider the coupling of TPP
mode and cavity mode (MC) to verify the existence of TPP mode
in our structure The reflectance spectra in TE polarization were
measured at different incident angles, ranging from 0° to 60°.
In simulation model, the refractive index of dielectrics was
obtained from ellipsometry measurements and fitted by an oscil-
lator model. Silver is from Johnson and Christy’s database.’*®!
Transfer matrix method was used to calculate the reflectance
spectrum. The simulation and experimental results shown in
Figure 4 are in good agreement. The resonant dip becomes
broader due to the coupling phenomenon when the incident
angle exceeds 30°. The discrepancy between the simulation
and experimental results might be due to the structural imper-
fection during the sample fabrication. The optical path length
increases with an increase in the incident angle; thus, the influ-
ence of the imperfections could be more significant and might
lead to a shallower dip in the measured reflectance spectra com-
pared with the simulation results.

To investigate the coupling between TPPs and MC directly, the
dispersion curve was fitted with the coupled oscillator model?”!

Simulation Experiment
N\ | v \ | ~
\ /" 60° M 60°
" TPP-MC L TPP-MC
‘" \ hybrid mode \ ‘hybrid mode
Y 30 i e

Reflectance

300 350

Wavelengths [nm] Wavelengths [nm]

Figure 4. Reflectance spectra at different incident angles ranging from
0° to 60° with an interval of 10°. Simulation results are compared with
room temperature experimental results. The resonant dip is blueshifted
when the incident angle increases. The resonance shows splitting when
the incident angle is larger than 30°. The dashed guiding lines show
the TPP-MC hybrid modes.
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where Eyc and Eqpp correspond to the energy levels of MCs and

Tamm modes coupled by the interaction potential V (about

15 meV), respectively, a is the proportion of the TPPs occupied

in the energy mode E, and f is the proportion of excitons

occupied in the energy mode E, provided that |a|? + [8)* = 1.
The dispersion curve can be given by

B (0) = |Ewc + Bron(0) £ 1/(4V2 + (Buc — Eree(0))?)
@

From Equation (2), two hybrid modes E, and E_ can be
observed. The results of the modeling are shown in Figure 5
(black dashed line) along with experimental and simulation
results. The two white dashed lines represent the MC and
Tamm mode, respectively.

At the emission angle of 32°, the anticrossing with splitting
energy of 30meV could be observed. The resonant dip of
Tamm mode is designed to be at 379 nm because the detuning
between MC and TPP affects the coupling effect.*”) When the
incident angle becomes larger, the E, more likely represents
the Tamm mode and E_ more likely represents the MC, which
indicates the hybrid nature of the TPP-MC hybrid interactions
between the MC and TPPs. The relatively blur dips in angle-
resolved spectra are mainly due to the linewidth broadening
of the Tamm mode and the MC.

To further realize UV Tamm plasmon exciton—polariton laser,
we placed the sample in a cryogenic temperature environment of
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Figure 5. Angle-resolved reflectance spectra from experiment and simu-
lation at room temperature. The black dashed lines represent two TPP-MC
hybrid modes branches. The white dashed lines represent the Tamm
mode and MC modes.
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77K, the 2D map of the angle-resolved photoluminescence
(ARPL) spectra with the power density of 207 Wcm ™2, as shown
in Figure 6a, was obtained. The sample was pumped by Nd:YVO,
pulse lasers at 355 nm with a repetition rate and pulse duration of
1kHz and 0.5 ns, respectively. The focused spot size was ~15 pm
in diameter. The light emitted from the sample was collected and
transmitted through a UV optical fiber of the core size 600 pm. A
320 mm single monochromator attached to the nitrogen-cooled
charge-coupled device (CCD) was used to analyze the emission
signals from the sample. The polariton relaxation to the low
k-state might be due to polariton—polariton scattering and
polariton—phonon scattering (Figure 6a). The strong PL signal
at 373nm in ARPL spectra indicates this phenomenon with
the LPB curve fitted with Equation (2). However, the difference
between the exciton mode and the detuning from Figure 5 is due
to the different measurement positions and temperature.l*”!

In laser pumping experiments, the emission lasing spectra
were obtained using different pumping power densities ranging
from 21.6 to 324 Wem ™2, as shown in Figure 6b. The continuous
increase in the pumping density leads to a spontaneous emission
with a threshold of ~235Wcm™* and a linewidth decrease to
0.693nm. In our experiment, the device was pumped by an
Nd:YVO, pulse laser and the fluctuation of the laser power
was lower than 1%. which is because the output from power sup-
ply might have some subtle fluctuations. Furthermore, under the
higher pumping power densities, the multiple lasing peaks
appear in the spectra. These peaks can be attributed to the trans-
verse modes within the pumping laser spot.l*"** Moreover, the
lasing peak on the far left of Figure 6b is blueshifted in Figure 6d
and the linewidth slightly increases when the pumping power
densities are larger than the threshold, as shown in Figure 6c,
which is due to polariton—polariton interactions. The result
shows the features of polariton lasers in the TPP devices.***°

4, Conclusions

We demonstrated that UV lasing generation can be achieved by
ZnO-based TPP devices. The electric fields can be confined near
the ZnO active layer to form a strong coupling with the Rabi split-
ting and small mode volume. Comparing with a conventional
microcavity laser, the cavity length must be at least half the emis-
sion wavelength. In this work, the ZnO film is only 1/10 the
thickness of the wavelength, and only half the thickness of the
traditional microcavity structure.*’! Because the TPP mode
has the ability to confine the electric field in the surface between
DBR and metal, light, and matter can interact in such a small
space to form polaritons. Polaritons can condensate at the
ground state through stimulated scattering, forming polariton
emissions. Due to the strong coupling effect, the laser emission
can still be achieved in such a thin ZnO layers. The ZnO TPP
laser is a cost effective, easy-to-fabricate device which has a rela-
tively large sample area. In addition, not only the semiconductor
materials but also the organic materials have been applied in UV
TPP research.****) The UV TPP laser can be used to further real-
ize polariton devices such as polaritronic all-optical logic gates,
the critical coupling vortex,*"! the chiral selective emitters,*”!
or the tunable bound states in the continuum.*®! Moreover,
the UV laser has the potential for biomedical applications such

© 2021 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH
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Figure 6. a) ARPL spectra excited by the lasers with the power density of 235 Wem ™2, The phenomenon at lower LPB represents light emission at the
ground state, which also means that the polariton relaxes to the ground state. b) Lasing spectra at different power densities. The multiple peaks can be
observed clearly. c) Intensity and linewidth of the lasing peak on the far left for different power densities. In contrast with the conventional photon laser,
the lasing generation increases when the pumping power density is larger than the threshold. d) Shifts of the lasing wavelengths with the pumping power

density exceeding the threshold.

as eliminating cancer cells or tumors or for sensing applications
in DNA or proteins.
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