
Appl. Phys. Lett. 111, 261103 (2017); https://doi.org/10.1063/1.4991025 111, 261103

© 2017 Author(s).

Tamm plasmon sub-wavelength
structuration for loss reduction and
resonance tuning
Cite as: Appl. Phys. Lett. 111, 261103 (2017); https://doi.org/10.1063/1.4991025
Submitted: 19 June 2017 • Accepted: 10 December 2017 • Published Online: 27 December 2017

A. R. Gubaydullin, C. Symonds, J.-M. Benoit, et al.

ARTICLES YOU MAY BE INTERESTED IN

Tamm plasmon photonic crystals: From bandgap engineering to defect cavity
APL Photonics 4, 106101 (2019); https://doi.org/10.1063/1.5104334

Tamm plasmon polaritons: Slow and spatially compact light
Applied Physics Letters 92, 251112 (2008); https://doi.org/10.1063/1.2952486

Topological insulator based Tamm plasmon polaritons
APL Photonics 4, 040801 (2019); https://doi.org/10.1063/1.5088033

https://images.scitation.org/redirect.spark?MID=176720&plid=1735780&setID=378288&channelID=0&CID=634322&banID=520620674&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=3d4ce69f5d152822883052dccab51b31332586f9&location=
https://doi.org/10.1063/1.4991025
https://doi.org/10.1063/1.4991025
https://aip.scitation.org/author/Gubaydullin%2C+A+R
https://aip.scitation.org/author/Symonds%2C+C
https://aip.scitation.org/author/Benoit%2C+J-M
https://doi.org/10.1063/1.4991025
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.4991025
http://crossmark.crossref.org/dialog/?doi=10.1063%2F1.4991025&domain=aip.scitation.org&date_stamp=2017-12-27
https://aip.scitation.org/doi/10.1063/1.5104334
https://doi.org/10.1063/1.5104334
https://aip.scitation.org/doi/10.1063/1.2952486
https://doi.org/10.1063/1.2952486
https://aip.scitation.org/doi/10.1063/1.5088033
https://doi.org/10.1063/1.5088033


Tamm plasmon sub-wavelength structuration for loss reduction
and resonance tuning

A. R. Gubaydullin,1,2,a) C. Symonds,1,a) J.-M. Benoit,1 L. Ferrier,3 T. Benyattou,3 C. Jamois,3
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We have demonstrated experimentally and theoretically that losses in Tamm plasmon structures can

be reduced by using a subwavelength structuration of the metal layer. The structures consist of a

GaAs/Al0.95Ga0.05As Bragg reflector covered with a sub-wavelength silver grating. An active quan-

tum dot layer is inserted to perform photoluminescence experiments. Experimental results show that

the quality factor of the Tamm plasmon mode with grating increases substantially, with respect to the

same structure without a grating. Moreover, a fine-tuning of the Tamm spectral position is obtained

by changing the grating parameters. Finite element method simulations are in good agreement with

the experimental values. Our results will promote the realization of lasing with the TP based devices

at room temperature. Published by AIP Publishing. https://doi.org/10.1063/1.4991025

During the past decade, a steady rise of interest has been

devoted to Tamm plasmon (TP) based structures due to their

potential to achieve lasing, for the fabrication of complex laser

arrays and integrated devices. Conventional lasers are based on

optical cavities1 that confine light using mirrors. Tamm plas-

mon (TP) is a surface electromagnetic state localized at the

interface between the metal and the specially designed Bragg

mirror.2 TP modes can be formed in both TM and TE polariza-

tions and present much lower losses than conventional plasmon

modes; therefore, TP has found potential applications in the

realization of various optical devices based on TP structures.3–5

The strong coupling regime occurring between a TP mode and

an exciton was shown in Refs. 6 and 7. Recently, macroscopic

optical coherence,8 lasing, and polarization-controlled confined

Tamm plasmon lasers9 have been demonstrated.

Despite progress in enhancement of spontaneous emis-

sion in TP structures,10 the main obstacles preventing the

improvement of the performance and lasing of TP devices

are optical losses11 and heating of metallic mirrors due to

absorption.12 Even in silver and gold (the noblest metals),

absorption is substantial and losses may exceed the achieve-

ments on the field confinement. A number of experimental

studies on plasmonic devices focus on the reduction of metal

losses by structuring the metal layer, which relies on the phe-

nomenon of extraordinary optical transmission13 through

subwavelength metallic structures.14 The enhanced optical

transmission was observed in two-dimensional periodic

arrays of holes,15 and control of TP modes under metallic

microdisks was demonstrated.16,17 An alternative way can be

to define a subwavelength grating on the metallic layer.

According to effective medium theory (EMT), it offers a

possibility to tune the effective refractive index18–21 of the

coating layer and reduce metallic losses.

This paper is aimed at experimental and theoretical

investigation of the possibility to reduce losses in the metal

layer and to tune the spectral position and quality factor of

optical modes in the Tamm plasmon based microcavity by

covering the distributed Bragg reflector (DBR) with a peri-

odical silver sub-wavelength grating.

The sample studied in this letter is composed of an active

distributed Bragg reflector (DBR) formed by a stack of 30

GaAs/Al0.95Ga0.05As pairs of quarter-wavelength layers grown

on a GaAs substrate by molecular beam epitaxy (MBE). The

scheme of the structure is illustrated in Fig. 1(a). In the upper

high refractive index layer, three InAs monolayers (MLs) were

embedded to form quantum dots (QDs) as an active medium.

The thickness of the top layer with an active area was designed

to locate the TP mode in the center of the photonic bandgap

(PBG). The layers of the DBR present a thickness gradient

along one of the sample axes, which enables a precise spectral

tuning of the modes. In order to realize the subwavelength

FIG. 1. Schematic structure of the sample (a) and SEM image (b) of the

metallic grating.

a)Authors to whom correspondence should be addressed: gubaydullin.azat@

gmail.com; joel.bellessa@univ-lyon1.fr; and clementine.symonds@univ-

lyon1.fr.
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grating, a 90 nm thick PMMA resist layer was deposited on the

top of the DBR and various device patterns with different grat-

ing parameters were defined by using e-beam lithography. The

grating is defined by two parameters: the period and the filling

factor (ff) [see the inset picture in Figs. 2(b) and 2(c)]; SEM

images for 30% and 40% ff are presented in Fig. 1(b). On top

of the sample, a 45 nm silver layer was thermally evaporated in

order to form the Tamm plasmon (TP) mode. No lift-off was

performed after the metal deposition, in order to shield from

the QD emission coming from outside the targeted area

(device) of the sample.

Angular resolved photoluminescence (PL) experiments

were performed. The sample was illuminated from the top

using a Ti:Sapphire laser operating at 780 nm (pulse duration

�200 fs and repetition rate 80 MHz), focused on the sample

surface to a spot with a diameter of �8 lm, via a long work-

ing distance microscope objective. The numerical aperture

of the objective lens is 0.75 which corresponds to a 648�

angular range. The photoluminescence was collected using

the same objective and sent to a spectrometer associated

with a cooled charged coupled device (CCD). A rotating

half-wave plate and a polarizer cube were placed, to be able

to measure any linear polarization selectively. The angle

resolved reflectivity spectroscopic setup is similar to that

described in Ref. 9.

The emission dispersion images recorded at room temper-

ature are presented in Fig. 2. The detected photoluminescence

radiation is polarized along the grating grooves. For the unpat-

terned device (without resist, ff¼ 100%), the recorded emis-

sion pattern is presented in Fig. 2(a) and illustrates a parabolic

shape of the Tamm Plasmon mode, characterized by a quality

factor of Q¼ 400. By covering the DBR with a 45 nm silver

film with a grating period of 250 nm (below the diffraction

limit and is crucial to obtain continuous parabolic dispersion

of the TP mode), the quality factor can be increased. The grat-

ing allows control over the surface area of the metal/semicon-

ductor interface (direct Ag/GaAs contact), which can be

defined by filling factor per period with parameter b, Figs.

2(b) and 2(c). Figure 2(b) shows the emission dispersion

recorded on the device with a 50% filling factor, which means

that in the period 50% of surface has direct Ag/GaAs contact.

The experimentally measured Q factor of the TP mode for

this device is Q¼ 600. While decreasing the surface of metal/

semiconductor contact per period of the grating and therefore

reducing absorption, the Q factor can be increased up to

Q¼ 970, which is measured on the device with ff ¼ 30%. The

corresponding TP mode dispersion is illustrated in Fig. 2(c).

Experimentally measured Q factor values as a function

of filling factor are plotted in Fig. 3(a) and indicated with red

squares. Error bars are defined from FWHM determination

FIG. 2. Experimental emission disper-

sion relations recorded on the unpat-

terned device—general Tamm Plasmon

(a) and devices covered by silver with a

grating characterized by a filling factor

of 50% (b) and 30% (c). Reflection cal-

culated by the finite element method

(FEM) for devices characterized by a

filling factor: (d) 100%, (e) 50%, and

(f) 30%.
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of the TP emission peaks in the experimental PL spectra at

normal incidence by fitting with a Lorenz function. The

unpatterned device (ff¼ 100%) has a Q factor of around

400. The experimental Q factor increases while decreasing

the filling factor from 100% to 30%. Interestingly, a decrease

to Q ¼ 650 is measured for ff¼ 0%. This corresponds to the

case of an unpatterned sample with a 90 nm resist layer

between the DBR and Ag. A first idea is that the decrease in

the filling factor leads to a smaller surface of the metal/semi-

conductor in contact, reducing the metallic losses, which

allows the increase in the Q factor.

The position of the TP mode is also modified by the sub-

wavelength structuration over 40 nm, as shown in Fig. 3(b). In

this way, a 40 nm wavelength shift is achieved. It allows tun-

ing of the spectral position of the TP mode and future design

of the cavity heterostructure similar to those used in the pho-

tonic crystal structure.22 Note that the decrease in the ff leads

to an increase in the TP mode wavelength position simulta-

neously with the variation of its Q factor, in accordance with

the dependence shown by the green curve in Fig. 3(a).

The electromagnetic simulations were performed with a

finite element method (FEM) using COMSOL Multiphysics.

The symmetrical property of the system under consideration

allows simulating it with a two-dimensional calculation. The

DBR was formed by 30 pairs of GaAs/Al0.95Ga0.05As k/4

layers on a GaAs substrate. The thickness of the Ag is

45 nm, and the 90 nm PMMA resist layer was added in

accordance with the experimental sample. The thickness of

the upper high refractive index layer is chosen to have the

TP mode in the center of the PBG.

The refractive indices for each material of the DBR

(GaAs/Al0.95Ga0.05As) are introduced by functions obtained

by fitting experimental data.23,24 The real part of the

frequency-dependent permittivity of the silver is obtained by

fitting the Johnson and Christy experimental values.25 The

imaginary part is adjusted to account for the experimentally

measured Q factor on the unpatterned TP device [see Fig.

2(a)], since it is shown that the losses in noble metals depend

on the method of evaporation26 and are generally higher at

room temperature.27,28 During simulation, we consider the TE

polarization, and we assume that the wave has the electric

field component in the y direction, out of the modeling xz-

plane.

The angular and spectral dependences of the reflection

coefficient calculated by FEM for devices characterized by

various filling factors are presented in Fig. 2: (d) 100%, (e)

50%, and (f) 30%. It can be seen that these reflectivity

images closely mimic corresponding photoluminescence

patterns [Figs. 2(a)–2(c)]. For each device, the edge mode

and the Tamm plasmon mode demonstrate parabolic disper-

sion similar to the one observed in the corresponding emis-

sion pattern. Note that the edge mode is more pronounced in

the reflection, while in the photoluminescence pattern, the

signal is low, since the maximum of the electric field for the

edge mode is located in the center of the structure, while for

the position of the quantum dot layers, the magnitude of the

electric field is similar to the value in uniform media.10 In

both the reflection and the emission patterns, it can be seen

that by decreasing the filling factor, the width of the Tamm

Plasmon mode is significantly narrowed and its spectral posi-

tion is strongly varied, while the edge mode is less sensitive

to the filling factor variation.

Figure 4 presents the reflectivity spectra (solid) at nor-

mal incidence calculated by FEM. The reflectivity spectrum

measured experimentally on the device without grating

(ff¼ 100%) is presented by circles; the Tamm Plasmon

mode appears as a deeper minimum, and the minimum at

higher wavelength is related to the edge state. The Tamm

Plasmon modes for each device appear as the deeper minima

between 993 and 1037 nm, depending on the filling factor.

The dependence of the Q-factor of the TP mode has been

estimated from these reflectivity spectra and is shown in Fig.

3(a) by green rhombs, illustrating a very good agreement

between theory and experimental results. The solid green

curve in Fig. 3(a) is obtained by fitting the Q factor data

(green rhombs) estimated from spectra calculated by FEM.

The decrease in the filling factor leads to an increase in the Q

factor, with a maximum reached around ff¼ 15%, and for a

FIG. 3. (a) Experimentally measured

quality factor of the Tamm Plasmon

mode as a function of filling factor—

red squares. The results of 2D FEM

simulation are indicated by green sym-

bols. (b) The spectral position of the

Tamm Plasmon mode depending on the

filling factor: experiment—red circles

and FEM theory—green triangles.

Black circles indicate values estimated

from the reflectivity spectra calculated

by the transfer matrix method (TMM).

FIG. 4. Reflectivity spectra (solid) of the TP microcavity simulated by FEM

for various devices with different metal grating filling factors. The reflectiv-

ity spectrum indicated by circles is measured experimentally on the device

without grating. All spectra correspond to normal incidence.
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lower ff, a decrease in the Q-factor is observed. This peak

illustrates that the Q-factor enhances not just because of the

continuous increase in the TP mode wavelength but due to the

favorable field confinement, achieved by a sub-wavelength

periodical grating, which allows the reduction of losses in the

effective coating layer. The spectral position of the TP modes,

estimated from FEM calculations, as a function of the ff is

presented in Fig. 3(b) by green triangles and also agrees very

well with experiments.

Two devices with ff 0% and 100% are planar structures,

and therefore, we also performed their simulation with a con-

ventional transfer matrix method (TMM). Reflectivity spec-

tra were calculated by the TMM considering normal light

incidence. Estimated values of the Q factor and the TP mode

position are indicated in Figures 3(a) and 3(b), respectively,

by black circles, illustrating good agreement with FEM

results.

To understand the behavior of the losses and the

increase in the Q factor of the TP mode with ff variation, the

distribution of the electric field norm jEj of the TP mode has

been calculated by FEM. Figure 5 shows the spatial distribu-

tion along the crystal growth axis-Z, and the horizontal axis-

X is parallel to the layer plane. For a device without a grat-

ing, presented in Fig. 5(a), the distribution of the electric

field in the X direction is uniform. The electric field maxi-

mum is located close to the metal/semiconductor interface

and decays rapidly in the DBR. For the device with a grating,

the field distribution changes, and particularly for ff¼ 50%

[Fig. 5(b)], the lateral evolution of the field in the X direction

is now present. It can be observed that the field is predomi-

nantly located in the upper Bragg layer, concentrating more

under the resist than close to the silver. A similar behavior

holds for ff¼ 25% [Fig. 5(c)], the field is higher under the

resist, thus avoiding penetration into the silver. The increase

in the quality factor with ff variation observed experimen-

tally can be affected by a localization of the E field under the

resist layer, and thus further from metal, which is the lossy

part of the system. The quality factor evolution with the fill-

ing factor has been reproduced with a Rigorous Coupled

Wave Analysis (RCWA) calculation, leading also to a maxi-

mum at ff¼ 20%.

Variation of the Q factor with the filling factor [see Fig.

3(a)] demonstrates a maximum around ff 20%, and such a

dependence could be associated with the different loss chan-

nels. In our experimental sample with 90 nm resist, in the

device with ff¼ 0%, losses are associated with the bottom

of the DBR; the electric field in this case has a Gaussian

envelope. Then, for ff¼ 20%, losses from the metal and the

bottom DBR are equal, resulting in the maximum Q-factor

around ff¼ 20%. Then, increasing ff> 20%, the losses asso-

ciated with the metal become dominant. We also note that

the variation of the thickness of the resist layer until a par-

ticular value can lead to an enhancement of the Q factor.

The sub-wavelength structuration method allows the combi-

nation of two Tamm plasmon resonances (with resist layer

and without it) in a single structure, therefore allowing

smooth and precise tuning of the TP mode spectral position

without a great decrease in the quality factor of the TP

mode. Such precise tuning of the TP mode spectral position

allows designing a structure to achieve a targeted field con-

finement, which is crucial for the formation of the

cavities.22

We have demonstrated experimentally and theoretically

the enhancement of the quality factor of the Tamm plasmon

mode by structuration of the metal coating layer, applying

periodical (subwavelength) grating. By measuring the angle

resolved photoluminescence at room temperature of the

Tamm plasmon structures formed by GaAs/Al0.95Ga0.05As

DBR with embedded InAs QDs in the active area, we have

shown that the quality factor of the TP mode measured on

the device with the grating increases substantially, with

respect to the same TP microcavity without the grating. We

have performed simulations of the reflectivity spectra of the

TP microcavity using the 2D finite element method and

shown that the variation of the metal grating parameters

allows spatial control of the Tamm plasmon mode and

enhancement of its Q factor, illustrating good agreement

with experimentally observed results. The possibility to con-

trol the spectral position of the TP mode makes it able to

achieve smooth confinement.
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FIG. 5. FEM simulations: norm of the electric field jEj [V/m] of the Tamm Plasmon mode calculated for device 100% covered with Ag—conventional Tamm

Plasmon (a), and devices with grating defined by filling factor 50% (b) and 25% (c).
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