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ABSTRACT: Optical Tamm structures offer great possibilities for the develop-
ment of new optoelectronic devices ranging from polarized laser sources to
plasmon generators. Indeed, thanks to the patterning of a thin metallic film alone,
microscale confinement of light is achieved, which constitutes a very easy and
flexible way to make confined lasers. Here, we report on room-temperature lasing
of a Tamm structure, based on an original geometry with enhanced quality factor.
In this so-called Super Tamm structure, a low-index dielectric layer is inserted
between a silver film and an AlGaAs/AlAs distributed Bragg reflector while

o
N
(&)

Wavelength [nm]
oe]
~
(4]

865

-0.5 0.0 0.5
sin(0)

keeping the mode confinement at the metallic/dielectric interface. Numerical

simulations of this structure show Q-factors up to 6500. Room-temperature lasing is achieved with this new architecture, as
demonstrated by the nonlinear emission intensity increase and the spectral and emission-diagram narrowing. This result is a
determinant step toward the realization of useful Tamm laser devices.

KEYWORDS: Tamm plasmon, semiconductor laser, surface mode, hybrid metallic/semiconducting structure, microcavity, GaAs,

quantum well

he exploitation of metal in semiconductor lasers has
proven to be a very efficient way to improve the device
efficiency by confining light at the microscale or nanoscale
level.'~® Metal allows to reduce the mode volume, leading to
enhancement of the spontaneous emission rate and even to
“threshold-less lasers”.”™” Two different strategies can be
distinguished. One approach consists in the use of plasmonic
modes, which are characterized by strong nanoscale confine-
ment of light, but at the expense of modest Q-factors.”~*'""!
Metal-coated semiconductor cavities are another strategy to
make efficient and compact laser sources. In this case, metal
prevents the optical mode from leaking outside of the cavity
when reducing its size down to the wavelength scale or less,
thus, allowing denser integration."””'*~"* Furthermore,
metallic loss can be maintained quite low, thanks to a rather
small overlap between the optical mode and the metal.
Tamm plasmons, which are optical modes occurring at the
interface between a distributed Bragg reflector (DBR) and a
metallic layer,'”'® are an interesting alternative, as they lie
between metal—semiconductor cavities and spasers. Indeed, a
Tamm mode can be seen like a cavity mode, but in a zero-
thickness cavity,15 or like a surface mode, since its field
intensity decreases when moving away from the metal/
semiconductor interface. Due to its surface sensitivity, the
microscale confinement of light in Tamm plasmon structures is
achieved thanks to easy patterning of the thin metallic layer
that shapes the mode,"’~*° without resorting to any complex
etching step.”** This allows to design complex confinement
geometries, which realization would be very challenging by
etching semiconducting medium over hundreds of nanometers
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in a vertical cavity structure. Tamm plasmon structures have
thus been proposed for various applications, such as phase-
locked lasing of coherent modes,” electro-optical tuning of
polaritons,” surface plasmon coupling,”>~*’ guided modes
propagation,®® photonic bandgap engineering,’’ second- or
third-harmonic generation enhancement,””*> or all-optical
switching.”*** They are also promising for solar cells,*® light-
emitting devices,”’ and spectrally selective thermal emis-
sion.”®*” Another key advantage of Tamm modes is that the
top metallic part can also be used for electrical injection, which
is promising for designing very simple Tamm-based LEDs or
laser diodes. Confined optically pumped Tamm plasmon lasers
have already been demonstrated with quantum wells (QW) as
an active medium,*”*' but only at cryogenic temperature,
which is detrimental for applications. More recently, a
modified Tamm structure has been proposed,” where the
addition of a low-index dielectric layer between the DBR and
the metallic film enables a reduction of the ohmic loss in the
metal. Q-Factors up to 5000 were obtained in this so-called
Super-Tamm structure, but at the detriment of the mode
volume and its confinement at the metal/dielectric interface.
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In this paper, a new Super-Tamm (ST) structure with low
losses and good electric field confinement at the metal/
dielectric interface is exploited to achieve room-temperature
lasing. Reaching lasing operation at room temperature requires
to overcome the broadening and decrease of the semi-
conductor gain.43 For this purpose, a mode presenting at the
same time reduced losses and a strong confinement of the field
in the gain region, namely, close to the interface, is proposed.
We first describe with transfer-matrix calculations the proper-
ties of this new structure. We then perform reflectivity
measurements on a ST sample to check the properties of its
optical modes. Finally, we investigate the luminescence of the
sample under pulsed optical pumping and demonstrate lasing
operation at room temperature, which is a key point for the
realization of practical Tamm laser devices.

We first compute the properties of a ST structure and
compare it to a conventional Tamm plasmon structure. The
structure consists of a 50 pairs Al;,GajsAs/AlAs DBR, which
the photonic stopband is centered on Az = 800 nm, covered by
a low-index SiO, layer and a silver layer, with thicknesses dg;o,

and d,,. The addition of this low-index layer aims at reducing
the intensity of the electric field in the metallic film and, thus,
the losses. If the low-index layer is added without any change
in the DBR structure, this reduction is made at the expense of a
shift of the electric field maximum within the DBR* (see
Supporting Information). Here, to have at the same time low
losses and a mode well confined at the interface, we also
modified the semiconductor part of the sample by thinning the
top AlGaAs DBR layer (with thickness d} and optical index n,)
in order to preserve the round-trip phase condition of the
Tamm mode. As a result, the effective thickness of the two last
layers under silver has to be n,d] + ngodso, = Ap/4 and is

equivalent to a conventional DBR layer for the phase evolution
of a traveling wave. An equal repartition between AlGaAs and
SiO, maximizes the Q-factor of the ST mode (see Supporting
Information). So we chose dj = d,/2 = A3/8n,, where d, is the
thickness of a full AlGaAs layer and dg;o, = Ap/8ng0,.

Values of optical indexes are taken from Johnson and
Christy’s data for silver** and from the work of Gehrsitz et al.
for Al,Ga,_,As.”® Losses of nonmetallic materials are
neglected. Figure la,c shows the reflectivity spectra of both
conventional and ST structures for dy, = SO nm. One can see
on the simulated reflectivity spectra that the Tamm mode
wavelength A1 only differs by 0.5 nm between both structures.
Furthermore, the electric field distribution is very similar in
both structures, with the field well confined around the metal/
dielectric interface (Figure le,f), unlike the ST modes
presented in a previous work.*” Defining the field intensity
extension of the mode as L, oge = [ §1Emode(2)1°d2/|E 0de mad >
we find very similar extensions in both structures, with L¢r/
Liynm = 1.1. Here, z is the direction perpendicular to the layers
and z = 0 corresponds to the air/metal interface. But the
presence of the low index SiO, layer between the DBR and the
silver layer modifies the electric field distribution close to the
DBR=—silver interface. To quantify this effect, we define the
ratio of the ST field intensity extension in silver over the same
extension for the conventional Tamm mode as
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Figure 1. Transfer-matrix simulations at normal incidence. (a, b)
Reflectivity spectra of a conventional Tamm structure (without SiO,)
with a 50 (a) and 93 nm (b) silver thickness. (c, d) Reflectivity
spectra of a Super-Tamm (ST) structure (with SiO, and a reduced
last DBR layer) with a 50 (c) and 93 nm (d) silver thickness. (e, f)
Index profile and longitudinal distribution of the electric field intensity
at normal incidence in a conventional (e) and ST (f) structure, with
dpg = 50 nm.

We find that rgp/p,mm = 0.3, proving that the ST architecture
helps reduce the fraction of the electric field lying in the metal.
This results in a significant decrease in the nonradiative metal
loss for the ST mode and, consequently, an increase in the
quality factor, which is deduced from the reflectivity peak
width. For dy; = 50 nm, we found that the Q-factor of the
conventional mode is 1260, compared to 4050 for the ST
structure. In addition, further enhancement of the Q-factor can
be obtained by increasing the silver layer thickness, the latter
determining the amount of radiative loss. When choosing the
silver thickness to 93 nm, we computed a theoretical Q-factor
of 2070 for the conventional structure and 6510 for the ST
structure (Figure 1b,d). It is noteworthy that the Tamm
resonance wavelength is almost exactly the same for both silver
thicknesses. However, the Q-factor enhancement is made at
the expense of the coupling between the mode and the
propagating waves. It can be seen as a drastic reduction of the
reflectivity peak depth, which is now about 5%, compared to
more than 85% with 50 nm of silver. These small values will
make the Tamm resonance with a thick silver film very difficult
to measure in reflectometry.

To experimentally investigate the properties of this Super-
Tamm mode, a 50 pairs Aly,GagygAs/AlAs DBR was grown by
molecular beam epitaxy (MBE) on a GaAs substrate. A sketch
of the sample is shown in Figure 2a. The 45 bottom pairs are
regular pairs of quarter wavelength layers, with dyg.a, = 57.7
nm and dyj,, = 66.8 nm, which corresponds to Az = 800 nm.
Two 10 nm GaAs quantum wells are inserted in each AlGaAs
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Figure 2. (a) Sketch of the ST sample. (b) Angle-resolved reflectivity
measurement of a ST mode at T = 77 K, with a wavelength largely
detuned from the QW absorption. Silver thickness is S0 nm. (c)
Reflectivity profile along the blue line in (b). Red line is a Lorentzian
fit of the experimental data.

layer of the four upper pairs, close to the maxima of the electric
field. A detailed description of the QW structure is given in
Supporting Information. Finally, the last top pair is composed
of a regular AlAs layer and half of a regular AlGaAs layer. A 75
nm thick SiO, layer was deposited on the top of the DBR by
plasma-enhanced chemical vapor deposition (PECVD), to
complete the last layer of the DBR. Silver was then evaporated,
with two different thicknesses on two adjacent areas of the
same sample (dy, = SO or 93 nm). Note that a thickness
gradient along the sample was induced during MBE growth,
which allows to choose the center of the photonic stopband Ay
and, consequently, tune the Tamm mode wavelength A1, with
no significant impact on the QW excitons wavelength Ay.

Before looking at the emission properties of this ST sample,
optical reflectivity measurements have been carried out to
investigate the properties of its optical modes. A broad-
spectrum white source is focused on the sample, which is
placed in a cryostat, with a XS0 microscope objective of
numerical aperture NA = 0.75. Reflected light is then collected
by the same objective and focused either on a CCD camera for
direct visualization or on the entrance slit of a spectrometer.
An intermediate lens, which front focal plane coincides with
the Fourier plane of the objective, allows to record angle-
resolved measurements, thus, giving access to the dispersion
relation of the optical modes when used with the spectrometer.
Figure 2b and c, respectively, shows the angle-resolved and
normal incidence reflectivity spectrum of a ST mode, obtained
from a 50 nm silver deposit zone. To avoid spectral broadening
of the mode due to QW absorption, we cooled down the
sample to 77 K to move away the excitonic transition at Ay far
from the Tamm resonance at Ar. Measuring the width of the
reflectivity dip at normal incidence, we deduced an
experimental quality factor Q =~ 2100.

The sample emission properties at room temperature are
now investigated through photoluminescence experiments. To
reach laser effect, optical gain is needed, which requires an
efficient absorption of the incident light in the QWs. In a
standard pumping scheme, where an excitation laser beam is
directly focused on silver, absorption is very inefficient, because
the silver layer reflects most of the incident light, resulting in
an effective absorption rate in the QWs of ~0.05% (estimated
with transfer matrix simulations).” Note that this is not a
fundamental limit for Tamm applications, since Tamm devices
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are particularly well-suited for electrical injection, which should
be considerably more efficient.

In our case, to avoid the issue of ineflicient optical pumping
through silver, a remote excitation method, sketched in Figure
3a, was used. A mode-locked Ti:sapphire laser beam is focused
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Figure 3. (a) Sketch of the excitation process. Pump laser is focused
on the silver-free side, with a high incident angle ~45° so that it
matches the wave-vector of an upper Bloch mode in the DBR. This
Bloch mode, marked with a purple dot in (b), propagates toward the
silver-coated area and creates excitons in the QWs. Exciton emission
is partly released in the tuned ST mode, and collected through the
silver film. (b) Reflectivity images of the uncovered DBR region (left)
and Ag-covered ST region (right). This measurement was made very
close to the point where luminescence experiments were carried out,
to have a small variation in the DBR thicknesses and, thus, similar
modes wavelengths. (c) Direct image of luminescence from the stripe
edge. Emission from the ST mode is seen from the right silver-coated
side. Incident laser reflection is cut with a 800 nm long-pass filter and
a polarizer.

with the microscope objective on the edge of a microstripe
etched in the silver layer. The spot diameter is ~17 um. Laser
excitation is tuned at A,,,, = 773 nm, the repetition rate is 80
MHz and the pulse duration is ~0.6 ps. A high incident angle
(2245°) is set to couple with the resonant upper Bloch mode of
the DBR efficiently so that coupled light propagates under the
silver layer and is absorbed in the QWs. When recombining,
electron—hole pairs emit light in the Tamm mode, which is
tuned at the exciton emission wavelength Ay. Emission
transmitted through silver is then collected by the same
objective and is sent to the same detection line as previously
described. Luminescence was collected from a thick d,, = 93
nm deposit zone to benefit from the high Q-factor of the
corresponding ST mode (see Figure 1) associated with a lower
lasing threshold. To identify the different optical modes in this
area, we acquired reflectivity spectra (Figure 3b) from both
sides of the stripe edge, but in an equivalent 50 nm thick silver
deposit zone (close to the excitation point), since the Tamm
mode cannot be observed by reflectivity through 93 nm of
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silver. From the left side of the stripe (without silver), we
observe the lower and upper Bloch modes of the DBR. From
the right side, with silver, we observe a Tamm mode, 5 nm far
from the first lower Bloch mode wavelength. Another dip at
longer wavelength corresponds to the second order Tamm
mode. Figure 3c shows a direct image of the luminescence
coming from the stripe edge. It appears that luminescence
coming from both the uncovered DBR (on the left of the stripe
edge) and the Tamm structure (on the right) is collected.
We recorded luminescence spectra for various pump powers.
Emission intensity, divided by the incident pump power, is
plotted in Figure 4a. As the absorption rate is difficult to
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Figure 4. (a) Luminescence spectra for various pump powers.
Intensity is divided by the incident pump power and arbitrarily shifted
for clarity. (b) Luminescence intensity integrated around the ST
wavelength at Ay = 851 nm (blue dots) and 5 nm below (red dots), as
a function of the incident pump power (log—log scale).

quantitatively evaluate with this indirect pumping scheme,
spectra are associated with the incident pump power, rather
than the power absorbed by the QWs. For P, = 38.5 mW, we
record a broad emission of the QWs, and emission through the
Tamm mode is not perceptible. Above P, . = 66 mW, an
emission peak appears, centered on the Tamm mode
wavelength at A; = 851 nm. Figure 4b shows the peak
intensity, integrated over a 2 nm window and plotted against
the incident pump power. It is worth reminding that this
integrated intensity has two contributions: emission in the
Tamm mode and in the Bloch modes of same wavelength, as
we collect luminescence from both sides of the stripe edge.
The emission intensity evolution, at the Tamm wavelength,
changes from sublinear to superlinear at Py g4 = 65 mW,
which suggests lasing operation. For comparison, emission
intensity integrated over a shifted equivalent window, 5 nm
below the peak, is shown on the same plot. One can see that
there is no such a similar change in the excitation-power
dependence of the emission intensity.

To confirm that this emission peak actually comes from the
Tamm mode, we acquired angle-resolved luminescence spectra
for several pump powers, which are shown in Figure 5. Below
the threshold, at P,,. = 5SS mW (Figure Sa), the collected
luminescence is mostly emitted through the Bloch modes from
the DBR side of the edge. Emission into the Tamm mode is
weak below threshold since light transmission through the 93
nm thick silver film is very poor. Above threshold, for P,
110 mW (Figure Sb), the Tamm mode spectral intensity is
dominant over these of the Bloch modes. Emission in the
Tamm mode is now monochromatic, with a line width A4 =
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Figure S. Angle-resolved luminescence images for two incident pump
powers, below and above the lasing threshold: P,,. = 55 (a) and 110
mW (b).

0.37 nm, and concentrated around sin 8 = 0, with a full width
half-maximum angle of 10°. The spectral narrowing, the
superlinear intensity increase and the narrow emission diagram
around € = 0 are clear evidence of lasing operation.

In conclusion, we demonstrated that by inserting a low-
index dielectric material between the metallic film and the
DBR and adjusting the thickness of the last DBR layers to
conserve the round-trip phase condition, it is possible to
reduce the Tamm plasmon cavity losses without losing on the
mode confinement. The loss reduction gives rise to room-
temperature lasing operation under pulsed optical excitation.
This result confirms the great potential of Tamm plasmons for
the development of new light-emitting devices. Indeed,
concurrently with easy patterning of the metallic film and
future electrical pumping, room-temperature operation of a
Tamm structure could lead to the fabrication of many new
integrated devices, such as electrically injected surface plasmon
sources or complex polarization state sources.
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