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This paper reports on measurements of the lifetime of Tamm plasmon-polaritons (TPPs) excited in

a 1D photonic-crystal/thin-metal-film structure. A femtosecond pulse reflected from a structure of

this kind is found to be significantly distorted if its spectrum overlaps with the Tamm plasmon

resonance. It is shown that the TPP lifetime possesses strong polarization and angular dependence.

It varies from 20 fs for p-polarized light to 40 fs for s-polarized light at a 45� angle of incidence.

The reported lifetime of Tamm plasmons is several times smaller than the previously reported

lifetime of surface plasmons. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4966288]

In the last decade, the Tamm plasmon-polaritons (TPPs)

aroused considerable interest owing to the peculiarities of

their optical. TPPs are optical surface states that form at the

boundary between a distributed Bragg reflector (DBR) and a

metal film.1,2 As in the case with surface plasmon-polaritons

(SPPs) excitation, the emergence of TPPs leads to spatial

localization of the electromagnetic field near the DBR/metal

interface. However, unlike SPPs, TPPs exist for both p and s
polarizations, and polarization splitting of the spectral posi-

tion of the TPP resonance is observed.3 TPPs can be detected

experimentally by means of the narrow resonance in the

reflectance or transmittance spectrum of a DBR/metal struc-

ture.4 TPPs have been proposed to be used in several types

of optical devices, such as sensors,5,6 lasers,7,8 and

nonlinear-optical elements.9 It has also been found that TPPs

can be efficiently coupled with other localized states, such as

SPPs,10,11 microcavity modes,12 and excitons.13,14

Studies of the ultrafast dynamics of localized optical

states are driven by the desire to create compact, ultrafast,

integrated photonic switches and modulators. Previously, the

lifetime of SPPs was reported to be on the order of several

hundred femtoseconds.15,16 However, those values largely

depend on the intrinsic properties of metals, supporting the

SPP excitation. In contrast to SPPs, TPPs do not require the

phase-matching conditions to be fulfilled for their excitation

as well as any sophisticated excitation schemes. Moreover,

the TPP-supporting structures can be easily fabricated and

incorporated into micro- and nanosized optical circuits.17,18

Thus, studying TPP femtosecond dynamics seems to be

highly promising in both the theoretical and applied terms.

Although the excitation dynamics of TPPs has already been

discussed in Ref. 19, it dealt mainly with the complicated

structures and presented only indirect measurements.

This paper focuses on measuring the TPP relaxation

dynamics. An intensity cross-correlation scheme was used to

measure the lifetime of a TPP in a one-dimensional photonic

crystal (PC); then, the results were compared with the numer-

ical calculations. The extent to which the lifetime depends on

the angle of incidence and on polarization of the incident

pulse was estimated experimentally and numerically applying

the finite-difference time-domain (FDTD) technique.

The TPP lifetime is determined by figure of merit Q of

the resonance. In the given sample, a Q-factor depends on

the geometrical and material properties of the photonic-crys-

tal/metal structure. Two major components can be specified

here: the one related to the properties of the photonic crystal

(PC) and the other related to those of the metal film. The

contribution of the photonic crystal to the TPP Q-factor is

determined by the number of PC layers and by difference in

their refractive indexes, which precisely define the sharpness

of the photonic bandgap. The amount of contribution of the

metal film to the Q-factor is controlled by the film thickness

and the relation between the real and imaginary parts of the

refractive index of the metal. In terms of TPP-mode forma-

tion, the sharpness of the periodic potential determines the

PC-related Q-factor, whereas the boundary bounce of the

potential defines the metal-related Q-factor. Following the

results achieved in Ref. 3. One can define TPP frequency

from the condition rPCrMe ¼ 1, where r are amplitude reflec-

tion coefficients of photonic crystal and metal, respectively.

In the spectral range we have studied, the refractive index of

metal possesses a significant imaginary part; thus. TPP

eigenfrequencies xT are complex. Figure of merit of the

Tamm plasmon mode is defined as QT ¼Re xT/2Im xT ,

whereas the lifetime can be approximately estimated as

sT ¼
1

4pIm xT
:

By choosing different materials of PC layers, different num-

bers of layers, and different metals, one can efficiently tune

the Q-factor of the TPP resonance and hence control the TPP

lifetime. According to the numerical calculations, the life-

time can be varied from several femtoseconds to approxi-

mately hundred femtoseconds. For the reported experimental

investigations, a sample possessing reasonably high Q¼ 90

was chosen.

Each studied sample of a TPP-supporting structure con-

sisted of a (SiO2/Ta2O5)7 one-dimensional (1D) photonic

crystal coated with a semitransparent 30-nm-thick metal filma)Electronic mail: fedyanin@nanolab.phys.msu.ru
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(Fig. 1). The thicknesses of the layers were chosen to excite

TPP in the operating range of a Ti:sapphire laser; their val-

ues were 92 nm for the Ta2O5 layers and 130 nm for the SiO2

layers. The films of the materials were deposited using the

thermal evaporation technique; the quality of the deposition

was controlled by a scanning electron microscope. The resul-

tant sample had two distinct areas: an area of PC covered by

metal and an area of a bare metal film. The latter was used

for reference measurements. As for the radiation source, a

Coherent Micra Ti:sapphire laser was used, as it provided 5-

nJ pulses with a duration of 100 fs at the repetition rate of

80 MHz. The pulses were then compacted to have a duration

of 50 fs at the position of sample using a pulse compressor.

To perform the measurements, a conventional intensity

cross-correlation scheme was used. Specifically, the radia-

tion was split into signal and reference beams; then, the sig-

nal beam was reflected from the sample and superposed with

the reference beam in a BBO crystal, using a parabolic mir-

ror. The reference beam was passed through a delay line that

was composed of a motorized stage with a 100-nm step, cor-

responding to a temporal resolution of less than 0.5 fs. The

signal beam was mechanically chopped, and the non-

collinear second harmonic signal from the BBO crystal was

detected by a lock-in amplifier. The measurements were per-

formed in the reflection configuration to avoid pulse broad-

ening in the PC. The reflectance spectra were measured in

the signal channel to control the TPP excitation in the sam-

ple. Figure 2 shows the reflectance spectra of a bare PC sam-

ple and a PC/Ag sample at a 45� angle of incidence for

s-polarized radiation. The photonic bandgap of the PC lies

between 610 nm and 870 nm, and a sharp TPP resonance is

observed within it at k¼ 775 nm. The width of the resonance

was fitted employing a Lorentz line shape; the derived

FWHM Dk was estimated to be 9 nm. The TPP lifetime sT

was evaluated by using the relation 2pcsT ¼ k2=Dk, yielding

a value of sT ¼ 35 fs.

A cross-correlation function (CF) of an s-polarized laser

pulse, reflected from a PC/Ag sample at 30� angle of inci-

dence, is shown in Fig. 3, and the corresponding spectrum is

shown in inset (a). A narrow dip in the spectrum is observed

around the wavelength of 800 nm, which clearly corresponds

to the Tamm plasmon-polariton excitation. As soon as a

pulse comes to the PC/Ag structure, energy begins to transfer

to the TPP mode; shortly thereafter, it reradiates from the

TPP mode to the reflected pulse. Thus, the shape of the

reflected pulse results from the interference between the non-

resonantly reflected part of the pulse and the component of

the pulse that is being transferred into the TPP mode and

FIG. 1. Sketch of the experiment. The red curves represent incident pulse,

reflected pulse and the spatial distribution of the electromagnetic field in the

TPP mode: dAg¼ 30 nm, d SiO2
¼ 130 nm, and d Ta2O5

¼ 92 nm.

FIG. 2. Reflectance spectra of a bare photonic crystal (red dots) and a PC/

Ag sample (black diamonds) measured at a 45� angle of incidence for s-
polarized (panel a) and p-polarized (panel b) radiation. A Lorentzian approx-

imation of the TPP resonance is shown by the solid curve.

FIG. 3. Semilogarithmic plot of cross-correlation function of a p-polarized

laser pulse reflected from photonic crystal/silver sample at 30� angle of inci-

dence. Red curve shows an approximation with a Gaussian function, and the

green line is an exponential decay fit of a trailing tail. Inset (a): Spectrum of

the pulse. Inset (b): Envelopes of an incident pulse (red curve) and a

reflected pulse (blue curve).
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then reradiated. The corresponding cross-correlation function

is being distorted and exhibits a tail on the trailing edge.

This tail produced as a result of a delayed reflection of the

light trapped into the Tamm plasmon mode. Decay of the

intensity I of TPP mode can be comprehensively described

by an exponential function I ¼ exp ð�t=sTÞ with sT ¼ 25 fs,

which is denoted by a green line. The signal measured in the

experiment is proportional to the fourth-order field correla-

tion function, which is given by

CðsÞ ¼
ðþ1
�1

ErðtÞE�r ðtÞEsðt� sÞE�s ðt� sÞdt;

where Er and Es represent the electric fields of the reference

wave and the wave reflected from the sample (signal wave),

respectively. The temporal profiles of the reference and sig-

nal electric fields were calculated in order to obtain the

numerical cross-correlation function. By means of compar-

ing and confronting numerical and experimental CFs, Es was

reconstructed; the result is shown in inset (b) in Figure 3

along with the envelope of the incident pulse. It is easy to

notice that energy transfer process starts almost instantly

after pulse hits the sample and lasts for the lifetime of the

TPP mode. The exact amount of energy transferred into the

Tamm plasmon depends on the amount of spectral overlap-

ping of the TPP resonance and the spectrum of incident

pulse.

As the angle of incidence increases, the light of different

polarizations tends to behave differently in a photonic crys-

tal. It can be accounted for by the fact that forming the pho-

tonic bandgap of a PC results from multipath interference in

the dielectric layer stack. The reflectance of a p-polarized

light decreases with an increasing angle of incidence in

accordance with the Brewster’s law. This leads to smoothing

of the bandgap edges as well as to broadening of the TPP

resonance and finally to the decrease in Q-factor. In the case

with s-polarized light, the width of the TPP resonance

decreases because of the increase in reflectivity at every;

thus, the Q-factor increases. As the width of the resonance is

related to the lifetime of a localized state, the decay rate of

p-polarized Tamm plasmons goes up with an increasing

angle of incidence, whereas the decay rate of s-polarized

Tamm plasmons goes down. To verify the assumptions, we

measured the cross-correlation functions of the p- and s-
polarized laser pulses at different angles of incidence and

made corresponding calculations with the help of the FDTD

technique. In Figure 4, solid curves show the results of calcu-

lations; dots denote experimentally measured values, which

seem to be in a reasonable agreement. The overall trend in

the Tamm plasmon lifetime to a good extent corresponds to

the Fresnel reflection law, as it exhibits monotonous growth

for s-polarization and decline for p-polarization. Inset shows

experimentally measured CFs of the pulses reflected from

the PC/Ag sample at 45� angle of incidence and an autocor-

relation function of the incident pulse. The CFs of reflected

pulses for both the polarizations appear to be distorted as

compared with the incident pulse. However, the tail of the

s-polarized pulse exhibits a significantly longer decay with

the time constant of 40 fs, while the corresponding lifetime

of the p-polarized Tamm plasmon is 20 fs.

The TPP figure of merit is affected by optical losses in

metal and by the TPP mode overlapping with the metal

layer.21 In the case with the given PC/metal configuration,

the figure of merit is determined by the imaginary part of the

permittivity e00. However, for the same photonic crystal exci-

tation, the conditions of Tamm plasmon are guided by the

real part of permittivity e0. To investigate the contribution the

metal makes to the TPP lifetime, we fabricated two PC sam-

ples covered with 30-nm-thick gold and silver films, respec-

tively. Since e0Ag � e0Au at energies of Ti:sapphire laser, Tamm

plasmon in both samples is excited at approximately the

same frequency. The imaginary parts of gold and silver per-

mittivities are related20 by the equation e00Au � 3e00Ag; thus, it

is expected that the decay rate of TPP in PC/Ag sample

should be less than the one in the PC/Au sample. Solid curve

in Figure 5 shows the measured cross-correlation function of

the s-polarized laser pulse reflected from a bare photonic

crystal at a 45� angle of incidence. Since in the case under

discussion no localized state is excited and the central wave-

length of the pulse remains in the photonic bandgap, the

whole pulse is reflected resonantly and no distortion or broad-

ening is observed. Going back to Figure 5, the gray dots

depict CF of the pulse that was reflected from the sample cov-

ered with silver film. CF exhibits a distorted trailing edge,

which decays exponentially with a time constant of 40 fs.

The orange diamonds denote CF of the s-polarized laser pulse

reflected at 45� from the PC covered with gold. The CF also

has the exponential tail, but its decay rate is bigger due to

higher losses in gold, and the lifetime is equal to only 25 fs.

To conclude, let us now highlight the main stages of the

conducted research. First and foremost, the measurements of

the Tamm plasmon-polariton lifetime were performed. The

results demonstrated that a femtosecond pulse reflected from

a PC/metal sample exhibits an exponential tail due the light

coupling to the TPP mode and its subsequent reradiation.

FIG. 4. Lifetime of the Tamm plasmon-polariton versus the angle of inci-

dence for s- (black) and p- (red) polarized radiation, calculated (solid

curves), and measured (dots). Inset: cross-correlation functions of laser

pulses reflected from the sample at 45�. Black dots correspond to s polariza-

tion, and red dots to p polarization. Blue solid curve shows the autocorrela-

tion function of the incident pulse.
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Time, which the light needs to emit from localized state into

free space, is determined by the figure of merit of photonic

crystal/metal film structure and strongly depends on the

angle of incidence and polarization of incoming light.

Another crucial parameter that influences the lifetime of

Tamm plasmons is the factor of optical losses of materials,

comprising a sample. TPP decay rate strongly depends on

the optical losses in metal; thus, the Tamm plasmons can be

applied in the systems with fast switching of e00. It can be

realized, for instance, in the hybrid metal/graphene struc-

tures. Sharpness of corresponding resonance and short life-

time puts TPP forward as a good candidate for being used in

all-optical switches and modulators.

This work was partially supported by the Russian

Foundation for Basic Research (15-32-70021, 16-32-00270)

(FDTD calculations) and the Russian Science Foundation

(Grant No. 15-12-00065) (sample fabrication and

measurements).

1J. A. Gaspar-Armenta and F. Villa, J. Opt. Soc. Am. B 20, 2349 (2003).
2Yu. S. Kivshar, Laser Phys. Lett. 5, 703 (2008).
3M. Kaliteevski, I. Iorsh, S. Brand, R. A. Abram, J. M. Chamberlain, A. V.

Kavokin, and I. A. Shelykh, Phys. Rev. B 76, 165415 (2007).
4A. P. Vinogradov, A. V. Dorofeenko, S. G. Erokhin, M. Inoue, A. A.

Lisyansky, A. M. Merzlikin, and A. B. Granovsky, Phys. Rev. B 74,

045128 (2006).
5R. Das, T. Srivastava, and R. Jha, Opt. Lett. 39, 896 (2014).
6R. Badugu and J. R. Lakowicz, J. Phys. Chem. C 118, 21558 (2014).
7C. Symonds, G. Lheureux, J. P. Hugonin, J. J. Greffet, J. Laverdant, G.
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