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ABSTRACT: In this Letter we experimentally demonstrate the coupling between Tamm plasmon and surface plasmon modes
in a metal/semiconductor integrated microstructure. The Tamm plasmon mode is excited by the photoluminescence of quantum
dots grown in the top part of a dielectric Bragg mirror covered by a silver layer. The hybrid nature of such a Tamm plasmon/
surface plasmon mode is demonstrated by the observation of a spatial beating along the propagation. Experimental results are in
very good agreement with numerical calculations. We show how such a structure can be used and further optimized to create
surface plasmons through electrical pumping. These results pave the way to a new generation of hybrid metal/semiconductor
integrated optical devices for both energy-sensitive surface detection and electrical excitation of surface plasmons.
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S ince they offer an extremely strong light confinement, mode extension into the semiconductor compared to SP
surface plasmons (SPs) are widely used for sensing but also modes, this conversion can be efficient even if the emitters are
for subwavelength photonic devices.”” However, integration of buried far from the metallic film. We also demonstrate that this
active hght sources directly into plasmonic devices remains a coupling leads to a spatial beating along the propagation
challenge Coupling plasmonic structures to well-established direction, yielding a spatial control of the quantum dot
semiconductor light sources may appear as an alternative to emission/SP coupling.

achieve surface plasmon generation, eventually compatible with In order to illustrate the TP/SP coupling, the dispersion
electrical injection.”™* One promising apgrlc(;a(:h is to couple an relation of a typical TP structure (Figure la) calculated by the

emitter to a SP mode via a guided mode.” " Another emerging
promising solution is represented by Tamm plasmon (TP)
structures.'”'> TP modes appear at the interface between a
distributed Bragg reflector (DBR) and a metallic film."" TPs

};:ée lz);err; g roge;}‘:: E;b?f;f?rleij /gl:ljciZinE:ssit ((:ff ’(Ii'laor:f; parabolic dispersion. This reduced line width compared to SP is

structures as well as their compatibility with semlconductor relat.ed to the TP field distribution lllylng mainly in the
technology makes them ideal for SP generat1on 5 Indeed, sem1c9nduct(?r Part ‘of the structure: 4 the field presents
thanks to their metal part, a simple and efficient coupling decaying o_sc1llat10ns in the DBR on typically 9'6 Hm arld a
geometry between the semiconductor emission and the SP at fast decay in the metal over ~15 nm. The quasi-vertical lines
the metal/air interface can be realized. In this paper we
demonstrate that emitters located in the structure can be Received: July 22, 2016

coupled to SP modes via TP modes. Due to the deeper TP Published: September 19, 2016

transfer-matrix method is displayed in Figure 1b. The calculated
passive structure consists of a 33 nm thick planar silver film on
top of a 65-pair DBR, with no emitters embedded in the DBR.
The TP mode is characterized by a narrow-line-width (~1 nm)
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Figure 1. (a) Sketch of the structure. The active region of the DBR is formed by three InAs QD monolayers embedded in the two uppermost GaAs
A/4 layers. The 33 nm thick silver film deposited on top consists of a 30 X 30 ym flat area next to a 30 X 30 ym outcoupling area (grating period 0.9
um, filling factor 0.55). (b) Dispersion relation of the structure calculated by the transfer-matrix method. The bright lines lying slightly outside the
light cone (kj ~ 7 um™") correspond to the silver/air SP, the brighter parabola corresponds to the TP, and the parabola lying at longer wavelengths
corresponds to the Bragg modes of the structure. An anticrossing is visible in the region where SP and TP should cross. (c) Experimental dispersion
relations with excitation and detection on the grating area. The solid (respectively dashed) white lines correspond to the folding (+1 and —1
diffracted orders) of the calculated Tamm mode (respectively surface plasmon mode).

are attributed to the SP mode at the metal/air interface. Below
the TP dispersion line, several parabolic lines corresponding to
the higher order modes of the DBR are present (Bragg modes).
An anticrossing between the SP and TP modes takes place as a
consequence of their optical coupling inside the metallic layer.
The coupling strength is mainly sensitive to the metal
thickness.''® TP and SP modes always match in energy and
wavevector under the light cone, so that their optical coupling
occurs for in-plane propagation. A grating is thus necessary for
light outcoupling and detection. This grating will be used both
for direct measurement of dispersion relations (Figure 1c) and
for light extraction after propagation along an unpatterned area
(Figure 1a).

Our Tamm structure DBR is formed by a 65-pair stack of
GaAs/AlysGaggsAs 4/4 layers grown on a GaAs substrate by
molecular beam epitaxy. Three pairs of highly dense self-
assembled InAs/GaAs quantum dot (QD) layers are embedded
in the two upper GaAs layers of the dielectric stack. The Tamm
structure metallic part is defined by e-beam lithography, using a
PMMA resist, forming 30 ym X 60 um rectangles. A 33 nm
thick silver layer is then deposited by thermal evaporation. As
shown in Figure 1a, the silver rectangles are formed by a 30 ym
X 30 ym unpatterned area next to a 30 gm X 30 ym 1D grating
(period ~900 nm, metal filling factor ~0.55), referred to as the
outcoupling area in the following. No lift-off of the PMMA is
performed after the metal deposition, in order to prevent QD
emission collection from outside the structure of interest.
Photoluminescence (PL) experiments are performed at 77 K.
The devices are excited from the top with a continuous-wave
Ti:sapphire laser at 760 nm, focused on the sample to form a
~1.8 um diameter spot using a microscope objective
(numerical aperture (NA) = 0.75). The emitted light is
collected by the same objective and sent to a spectrometer
equipped with a silicon CCD array. To measure the radiation
patterns, the microscope objective Fourier plane is imaged on
the spectrometer entrance slits. In order to evaluate properly
the surface plasmon contribution, only the TM polarization of
the emission is selected.

Figure 1c shows a PL intensity colored map as a function of
the wavelength and the in-plane wavevector, obtained for
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optical excitation within the grating area. The dispersion
relations of all the optical modes supported by the structure are
folded inside the light cone due to the presence of the grating.
Indeed, in addition to the zero-order TP mode centered at
~920 nm (together with the other zero-order Bragg modes
visible at longer wavelengths), the presence of folded TP and
SP modes can be clearly observed. In particular, the folded first-
order TPs and SPs can be easily identified (highlighted in
Figure 1c with solid and dashed white lines, respectively). The
bright region in Figure 1c between 870 and 890 nm around k.
= 0, where the highlighted modes cross each other, corresponds
to TP/SP optical coupling within the light cone. Because of the
large number of folded lines (TP, SP, Bragg modes) it is
however difficult to evidence directly an anticrossing behavior
between the TP and SP modes. Additional losses for the TP
and SP modes generated by the grating could also explain the
difficult observation of the anticrossing in the grating region. It
can also be noted that the emission mainly comes from the TP,
the emission in the SP branch being weak far from the
interaction region. This is an indication that the major part of
the QDs’ emission is directed through the TP mode.

To investigate the TP/SP mode propagation, the sample is
now excited far away from the grating in the flat silver region
(Figure 2a). The emission along a vertical section is recorded
by imaging the sample surface on the spectrometer entrance
slit. A spectral image is displayed in Figure 2b: the horizontal
axis corresponds to the wavelength and the vertical axis to the
vertical position along the propagation direction. The zero
position corresponds to the grating interface. The intense
amount of light originating from the —26 pm position results
from the emission at the excitation spot position, and the
weaker spots around the O um position from the light
outcoupled by the grating. No light is collected between
these two positions, along the propagation path, indicating that
the emission at the grating interface emanates from the
propagation of modes lying below the light cone. To identify
more clearly the origin of this emission, we selected the spatial
region around the grating interface in an intermediate image
plane and performed Fourier-space imaging. The result, which
characterizes spectrally and angularly only the modes remaining
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Figure 2. (a) Microscopy image of the sample surface. The red dot
corresponds to the excitation region. The dashed red lines show the
vertical cross section selected by the spectrometer entrance slit. (b)
Wavelength-resolved image of the emission along the sample vertical
direction. The horizontal dashed white lines mark the borders of the
flat and patterned areas; the horizontal dashed red line corresponds to
the excitation spot position. (c) Fourier image of the emission
collected at the grating interface, obtained by selecting this region in
an intermediate image plane. The white arrows indicate the Tamm
plasmon (TP) and surface plasmon (SP) modes.

after propagation over 26 pum, is shown in Figure 2c. This
Fourier space image indicates that between 875 and 880 nm the
emission detected at the grating interface can be associated with
a TP/SP coupled mode. It has to be noticed that the signal that
comes from the outcoupling of the SP is here brighter than the
one associated with the TP, contrary to the measurement
performed directly in the grating area (Figure 1c).

One striking feature of the light outcoupled by the grating is
the observation of a pattern in the broad emission spectrum,
which appears in Figure 2b. When the vertical position of the
excitation spot, and thus the propagation length before
extraction by the grating, is modified, a substantial wavelength
shift of the spectral pattern occurs. These wavelength maxima
measured at the grating interface as a function of the excitation
distance are summarized in Figure 3. This figure shows that the
intensity oscillates with the propagation length, with a period
depending on the wavelength. This behavior can be explained
by a spatial beating between the coupled TP/SP modes. A
physical picture of the beating, which will be more
quantitatively described in the next section, can be obtained
by considering a simple coupled oscillator model, where the TP
mode and the SP mode interact via a coupling constant g. For a
given wavelength, a wave-vector difference Ak can be defined
between the TP/SP coupled modes. The spatial beating is
directly related to Ak, which itself depends on the wavelength.
This spatial beating corresponds to an oscillation of the energy
between the air region, which can be associated with a bare
plasmon mode (plasmon-like mode), and the semiconductor
region associated with the bare Tamm mode (Tamm-like
mode). The coupled modes are a superposition of these
Tamm-like and plasmon-like modes. As the QDs are located in
the semiconductor part, they couple to a superposition of
hybrid modes that propagate with different wavevectors. During
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Figure 3. Spectral distribution of the intensity (in log scale) recorded
at the grating interface as a function of the excitation spot distance.
Each horizontal line has been obtained by selecting the emission at the
grating interface for the corresponding distance. The black dashed
lines are the calculated distances corresponding to (m + 1/2)
oscillations between the TP/SP coupled modes (m = 0 to 6).

the propagation the phase between both modes changes,
leading to the beating between the air and semiconductor
region. As we can assume that the QD layer emission mainly
excites the Tamm-like mode and that the metallic grating is
more sensitive to the plasmon-like mode, light will be extracted
only if (m + 1/2) oscillations have occurred along the
propagation. This has been modeled using the dispersion
relations of TP and SP and a coupling constant g = 9 meV. We
calculated the propagation distance corresponding to (m + 1/

2) oscillations with L = %(m + 1/2) where m is the number

of oscillations. The results are plotted in dashed lines in Figure
3 for m = 0 to m = 6. For wavelengths below the resonance
(around 878 nm), our calculations are in excellent agreement
with the experiments. At higher wavelengths, the oscillation
presents a more complex behavior that cannot be fitted with
this simple model. This is due to the presence of the Bragg
modes, as will be shown in the next section.

To take into account the system complex modal structure,
numerical simulations have been carried out. Figure 4a presents
the dispersion relations corresponding to the Tamm plasmon,
the silver/air surface plasmon, and the first four Bragg modes.
The dispersion relations of the unpatterned planar structure
have been calculated with the scattering-matrix method by
looking for poles of the total scattering matrix with a real
frequency and a complex wave vector. The calculations
evidence the anticrossing between the TP and the SP modes,
indicating a coupling between these two modes. For a
wavelength slightly below resonance (878 nm) the electric
field profile of both coupled modes shows their hybrid nature,
with oscillations in the DBR and an exponential decay in the air
(Figure 4c). Farther from the anticrossing (840 nm), the modes
present a more plasmon-like (electric field mainly in the air)
and Tamm-like (electric field mainly in the DBR) behavior, as
shown in Figure 4b and d, respectively. It can also be seen in
the dispersion relations that the SP mode interacts not only
with the TP mode but also with the Bragg modes lying at
longer wavelength. This explains why above 880 nm the
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Figure 4. Numerical simulations. (a) Dispersion relations of the modes of the unpatterned structure with a 33-nm-thick silver film structure. The red
circles indicate the positions in the dispersion relations where the modulus of the longitudinal component of the electric field has been calculated:
(b) and (d) at 840 nm; (c) at 878 nm. (e) Spectral distribution of the intensity in air of the light emitted in the unpatterned structure as a function of

the horizontal distance to the source.

oscillating behavior cannot be accurately described by the
beating of only two modes. This effect is further evidenced
when calculating the intensity in air of the light emitted in the
unpatterned area as a function of the propagation length and
the wavelength, presented in Figure 4e. For the calculation, the
QD emission has been modeled by a line current source with
an in-plane polarization, j = j6(x, z — zp)u, with «
(respectively z) being the direction parallel (respectively
perpendicular) to the stack. The source is located in the first
GaAs layer, at x = 0 and z; = —42 nm below the metal/
semiconductor interface. The electromagnetic field in this
planar system in TM polarization has been analytically
calculated as an integral over the wave vector component
parallel to the interfaces of the stack. Since the intensity of the
light outcoupled by the grating is proportional to the intensity
incident on the grating, the results of the calculation can be
directly compared to the experimental results presented in
Figure 3. The oscillating behavior at wavelengths below 880 nm
(ie, for energies above resonance) is well reproduced by the
calculations as well as the complex modulation above 880 nm
(ie, for energies below resonance). Note that the calculations
also clearly show high-frequency oscillations superimposed on
the beating between the two hybrid TP/SP modes. These
oscillations can unambiguously be attributed to an additional
beating with the SP supported by the metal/semiconductor
interface (see Supporting Information). Since the propagation
length of this SP is much smaller than that of the two hybrid
modes, the fast oscillations almost completely disappear after
propagation over 20 um; see Figure 4e.

The electric field distribution in the (x, z) plane at a fixed
wavelength of 878 nm in the unpatterned structure is presented
in Figure Sa, where the vertical axis (z) corresponds to the
growth direction and the horizontal axis (x) to the propagation
distance, parallel to the layer plane. The source is located at x =
0 and the map starts at x = 15 ym. Along the propagation, the
intensity profile evidences the alternative Tamm-like and
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plasmon-like behavior of the coupled modes: for the
plasmon-like mode a large part of the energy is located in the
air, while for the Tamm-like mode almost all the energy is
located in the DBR."" A very promising aspect of this approach
for SP generation is that, as the Tamm mode electric field
presents a large extension inside the DBR, one can locate the
emitter far beneath the metallic layer. Indeed, when placing the
source in the third GaAs layer (~300 nm below the metallic
layer), the intensity distribution presents the same oscillating
behavior between Tamm-like and plasmon-like modes (see
Supporting Information). It is thus possible to couple the
emission of deeply buried semiconductor QDs to the metal/air
surface plasmon in a planar geometry. This last point is a key
point for surface plasmon generation. Indeed, for electrical
injection, the emitter—metal distance has to be larger than the
depletion length of the carriers close to a conducting surface.'”
This condition, which cannot be fulfilled with a direct coupling
to SPs (typically coupling distance of a few tens of
nanometers), is released with the TP/SP coupling geometry
presented here.

Up to this point, our experimental geometry has led to the
formation of hybrid TP/SP modes because of the metallic layer
thinness. We propose now a scheme that would enable the
generation of pure SP from a TP structure. In order to
progressively turn off the Tamm/plasmon coupling and obtain
pure SP, we consider a structure comprising a wedge where the
metal thickness increases continuously from 33 nm to 120 nm
over a length of 3 um. In that case, a hybrid mode, generated in
the thin metallic region, would transform into pure TP and SP
modes while propagating through the wedge. SP generation can
be maximized by adjusting the emitter—wedge separation so
that (m + 1/2) oscillations take place. The calculated electric
field distribution in this configuration is presented in Figure Sb,
with a source—wedge separation of 43.8 ym optimized for SP
coupling, with the source being located at x = 0. A wavelength
close to the resonance has to be chosen to maximize the
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Figure S. (a) Electric field distribution |E| emitted by the source at 878
nm in the planar structure with a 33-nm-thick flat silver layer. The
vertical direction (z) is perpendicular to the layer planes; the
horizontal axis (x) corresponds to the propagation direction. (b)
Electric field distribution |E| emitted by the source at 878 nm in the
presence of a 3-um-long wedge; the silver thickness is progressively
increased from 33 nm to 120 nm. The wedge starts at a distance of
43.8 yum from the source. In (a) and (b) the source is located at x = 0
and 42 nm below the metal/DBR interface. (c) Amplitudes lAgpl* and |
Arpl? of the SP and the TP modes at the top of the metallic wedge as a
function of the distance between the source and the wedge. The
amplitudes have been normalized by the total power emitted by the
source.

hybridization between SP and TP and thus foster the energy
transfer. The calculation has been performed with the aperiodic
Fourier modal method (a-FMM)® at a wavelength of 878 nm.
Large coupling of the light to the metal/air SP is clearly visible.
In the region with the 120-nm-thick silver film (wedge top
position), the total electromagnetic field can be written as a
sum over the modes (radiative and nonradiative) of the planar
structure. By using the mode orthogonality in absorbing
waveguides,”' it is possible to extract the amplitudes Ag, and
Arp of the TP and SP modes from the total field calculated with
the a-FMM. These amplitudes are shown in Figure Sc, as a
function of the source—wedge separation. The results have
been normalized by the total power emitted by the source. This
figure shows the expected oscillations, indicating that coupling
to SP or to TP modes can be controlled by adjusting the
separation. A maximum coupling efficiency of 6% is obtained.
The SP generation can also be modified by changing the metal
thickness. A coupling of 7% could for example be obtained by
choosing a silver thickness of 43 nm (see Supporting
Information).

In conclusion, we demonstrate that emission of QDs inserted
in a Tamm structure can be coupled to hybrid TP/SP modes.
This leads to spatial beating of the field intensity between
plasmon in air and TP in a semiconductor. The beating is
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exploited to couple the QDs’ emission into a surface plasmon
mode. Our approach brings together Tamm structures, efficient
for lasing and diodes, with a propagating surface plasmon at the
metal/air interface, which are usable for plasmonic circuits.
Indeed, the transfer shown in this paper for a 2D metallic film
could be applied to metallic stripes, which could also lead to a
better control of the emitted light. This simple geometry is also
fully compatible with electrical injection, as a close proximity
between metal and emitters is not required. The coupling of
plasmonic structures to well-established semiconductor devices
also offers perspectives for sensing, by integrating semi-
conductor light detectors in plasmonic setups.
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