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ABSTRACT: Ultrafast all-optical modulators are crucial parts of prospective
photonic devices. A number of plasmonic and dielectric nanostructures were
nominated as candidates for integrated all-optical circuits. The key principle in the
design of such devices is to engineer artificial optical resonances to increase the
magnitude of modulation or to change the characteristic switching time. The major
drawback is that the manufacturing becomes rather sophisticated. Here, we propose
a method to tailor the ultrafast response of photonic crystal-metal nanostructures
by employing a spectral shift of the Tamm-plasmon resonance. We show that for
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the absorbed pump fluence of 6 pJ reflectance of the sample at the near-infrared

probe wavelength in the vicinity of the Tamm-plasmon resonance changes 25X stronger as compared with a bare metal film.
Additionally, we show that by choosing a proper wavelength around the resonance a background-free reflectance modulation
can be achieved. The characteristic pulse-limited switching time, in this case, is 150 fs.
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O ptical data processing is now considered as one of the
most prospective methods to succeed modern elec-
tronics. A significantly smaller level of heating and energy
consumption, along with the extremely high operation speed,
fosters development of the efficient all-optical modulators and
switches. Over the past decades, several approaches were
proposed to achieve pronounced ultrafast modulation of
optical signals. One of the most developed is a plasmonic
approach which utilizes metallic nanostructures to couple,
guide, and manipulate light. It was shown that metallic
nanoparticles,' ™ plasmonic crystals,” and hybrid plasmonic
nanostructures’~ yield a relative change in reflectance or
transmittance of up to 100%. Characteristic times of switching
were in the order of several picoseconds for large modulations
and several hundred femtoseconds for a few-percent
modulation. Another approach, gaining much attention now
relates to all-dielectric nanonstructures. It was first proposed
for photonic crystals (PCs)'°~"* and then expanded to
dielectric nanoparticles'”'* and semiconductor metasurfa-
ces. 15717

All the methods rely on engineering artificial resonances
which spectral positions are sensitive to the material properties
or the geometry of nanostructure. The idea is that changing the
complex permittivity of materials composing the sample leads
to the spectral shift of the resonance and increase of the
relative change in the sample reflectance or transmittance. The
bandwidth of the nanophotonic switch is determined by the
physical processes, responsible for the permittivity change. The
rule of thumb is that fast nonlinear processes such as two-
photon absorption and Kerr nonlinearity yield bandwidths of
up to 10 THz but induce small modulations of optical
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response,'> while slow processes involving free-carrier
generation lead to the significant change of the optical
response,'® but the bandwidth usually does not exceed S0
GHz. When plasmonic systems are considered, the most
substantial modulations of reflectance and transmittance are
observed if the light frequency is close to the plasma frequency
of metal.'"” In contrast, when the more preferable for
applications infrared radiation is used, the change of
reflectance or transmittance usually does not exceed 1%.°"*"

Hybrid photonic crystal—metal structures give an ability to
overcome this issue. They provide an additional degree of
freedom, related to the geometry of photonic crystal. It was
shown that PC—metal nanostructures support excitation of
Tamm plasmons (TPs) in the infrared part of the spectrum.*”
TPs can be excited at normal incidence of light and their
resonant frequency experiences blueshift and polarization
splitting upon increasing the angle of incidence.”* The spectral
position of the TP resonance is also affected by thicknesses of
PC layers and metal film.”*** Excitation of the TP leads to the
electromagnetic field localization at the interface of a PC and
metal. Thus, TPs can form hybrid states with surface and
localized plasmons,®® cavity modes,”” and excitons.”® Field
localization and sensitivity to the small variations in the sample
geometry stipulated exploitation of TPs in novel lasers,””*
nonlinear devices,” ™ sensors,>**° and emitters.>’~*°

In this Letter, we demonstrate how Tamm plasmons can
tailor the ultrafast optical response of photonic—plasmonic
nanostructures in the near-infrared range. We study exper-
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Figure 1. (a) Sketch of the experiment. (b) Reflectance spectra of the sample at angles of incidence of 20° (black dots) and 45° (red dots)
corresponding to the probe and pump incident angles, respectively. The shaded area represents the spectrum of pump and probe laser pulses.

imentally the transient reflectance and transmittance of a one-
dimensional photonic crystal covered with a 30 nm thick gold
film. Using time-resolved spectroscopy, we demonstrate that
the temporal dynamics of reflectance and transmittance of the
PC—metal sample depends significantly on the probe wave-
length around TP resonance. The proper selection of the
probe wavelength leads to a background-free pulse-limited
modulation of reflectance and transmittance. Modifying gold
complex permittivity by a low-power infrared pump, we
achieve switching with a characteristic time of 150 fs.

B RESULTS AND DISCUSSION

The studied sample was a (ZrO,/SiO,)¢ photonic crystal
(quarter-wavelength distributed Bragg reflector) covered with
a 30 nm thick gold film. The outline of the experiment is
shown in Figure la. Probe radiation (red) is in resonance with
the Tamm-plasmon mode, so the reflected intensity is low.
After a femtosecond pump pulse (orange) transfers energy to
electrons in gold, its complex permittivity changes. TP
resonance spectrally shifts and reflectance of the probe
changes. Temporal dynamics of the probe reflectance depends
on several parameters which are discussed further.
Measurements were performed in a pump—probe scheme
with cross-polarized pump and probe beams. A femtosecond
pulse from Ti:sapphire laser was split into two channels with
the intensity ratio of pump and probe being 30:1. Then two
beams were independently focused on the sample with
parabolic mirrors. Reflected probe beam was passed to a
monochromator which allowed to perform wavelength-
resolved measurements in the range of the femtosecond
pulse spectrum (full width at half-maximum = 25 nm). The
explicit scheme of the experimental setup is given in the
Supporting Information, section 1. For the measurements, we
have chosen the strategy of the TP-resonant probe and off-TP-
resonant pump. To realize this, probe and pump radiation were
incident on the sample at 20° and 45°, respectively. Figure 1b
shows reflectance spectra of the sample at pump and probe
incident angles along with the spectrum of the incident pulse.
Reflectance spectra of both pump and probe exhibit TP
resonances, which are spectrally separated by 40 nm due to the
TP angular selectivity. The spectrum of the Ti:sapphire laser
pulse overlaps with the TP resonance at the probe angle of
incidence and appears at the photonic bandgap at the pump
angle of incidence. The employed scheme allowed for
neglecting the change in the pump absorption during the
shift of the TP resonance. The absorbed pump fluence was 2
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uJ/cm?® equivalent to 6 pJ per pulse. All measurements were
performed when the sample had thermally equilibrated after
the initial long-term heating as discussed in the Supporting
Information, section 2.

Relative change in reflectance AR/R and transmittance AT/
T of the PC—metal sample can be directly related to the
change in metal complex permittivity A&y, = Ae’ + iAg” as

ARG, 1) = LB pe) 4 2D per),
_(/1 )_alngT(/l)A ()+61na’1;(ﬂ)A”()

(1

where 4 is a probe wavelength and 7 is a time delay between
pump and probe pulses. We assume here that Ae does not
depend on the wavelength, since we are working in a narrow
spectral range far from gold intrinsic resonances. To improve
readability we also denote &’ = d1In R/de’, a” = 0In R/0¢e”, '
=0In T/0e', and " = 0 In T/0¢".

As it was shown in refs 19 and 41, evolution of gold
permittivity can be described as three consecutive processes
with different time scales. The first stage after the pump pulse
absorption is the formation of a nonequilibrium electron
distribution. It is followed by thermalization and a cooldown
due to electron—electron and electron—phonon interactions.
Both real and imaginary parts of the transient permittivity are
defined by the amount of the excess energy in the electron
subsystem. Thus, their dynamics have characteristic times of
several picoseconds as it is determined by the electron—
phonon relaxation time. However, Ae”(7) has an additional
contribution from the interband absorption in the non-
equilibrium phase. For a gold film, this contribution takes
the form of a pulse-limited spike if pump and probe
wavelengths are in the near-infrared region. Procedure and
the results of the numerical modeling of A(7) for our case can
be found in the Supporting Information, section 3.

The coeflicients in eq 1 for a bare gold film are almost
independent of the probe wavelength provided that the latter is
far below the interband transition threshold. In this case, the
transient reflectance of the gold is determined by both the Ae’
and Aeg” as the corresponding coefficients have comparable
magnitude and the same sign. The transient transmittance
takes the shape of the Ae’(7) which coefficient is three times
larger than the one of Ae”. As a result, ultrafast features of Ae”
are not visible in transient reflectance and transmittance of a
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bare gold film, since they are obscured by smoother and larger
changes of €'.

The picture changes completely when an artificial resonance
is introduced into the system. Figure 2 shows an experimental
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Figure 2. Transient reflectance of the PC—metal sample at the probe
wavelength of 774.5 nm. Solid curve shows the result of the numerical
calculation.

demonstration of a pulse-limited background-free modulation
of reflectance of the PC—metal sample at the probe wavelength
Ao = 774.5 nm. The sample reflectance shows a fast positive
modulation and completely relaxes to the unperturbed value
after 500 fs. The full width at half-maximum of the modulation
spike is 150 fs and is determined by the pump—probe cross-
correlation.

To explain the observed phenomenon, we recall that the
studied PC—metal sample supports the excitation of Tamm
plasmon at the wavelength of 776 nm. TP manifests itself as
Lorentz-shaped resonances in spectra of reflectance and
transmittance. As it was mentioned earlier, the spectral
position and the shape of the TP resonance are sensitive to
complex permittivities of materials composing the sample. It
essentially means that spectra of coefficients in eq 1 have the
complex line shape at wavelengths in the vicinity of the TP
resonance. Indeed, assuming spectral shift of the TP resonance,
the reflectance of the sample grows at one side of the
resonance and falls at the other side. In other words, @’ and a”
become sign-changing. The derivation and spectra of @ and

coefficients for the studied sample are given in the Supporting
Information, section IV.

At the wavelength Ay, coeflicients @’ and @” have different
signs and such magnitudes that la’’/a’l = Ae'/Ag” .., where
€" i i an intraband contribution to the gold permittivity.
Consequently, the AR/R is determined mainly by the
interband contribution to Ae”. The interband term is a result
of electron transitions from the gold d-band to the sp-band. In
our experiment the probe photon energy 7w, is less than the
interband transition threshold 7€, so interband transitions
can not take place in the unoccupied states above Fermi
energy. However, the total energy of pump and probe photons
being fiw,, + hw,, = 3.2 eV exceeds the /1€, = 2.4 eV. Thus,
the interband transitions occur from the top of the d-band to
the states far from Fermi energy which are depleted by the
pump pulse. As these states are short-living, interband
transitions occur only when the pump and probe photons
arrive almost simultaneously. Thus, the Ae”(7) closely
follows the pump—probe cross-correlation.

The modulation of the gold complex permittivity leads to
the modification of the TP resonance as schematically shown
in the inset of Figure 3a. Dots in Figure 3a show the measured
values of the sample AR/R(A) at the time delay of +200 fs
when the ultrafast modulation has almost finished. The gray
line in the same figure shows the TP-resonance line shape. The
redshift and spectral broadening of the TP resonance give rise
to the asymmetrical derivative-like spectrum of the change in
reflectance.

The largest modulation is obtained at the wavelengths of
771 nm (pink dot) and 779 nm (red dot) corresponding to the
slopes of the resonance. In contrast, at the wavelengths close to
the TP resonance minimum (blue, cyan, and orange dots),
AR/R(+200 fs) is almost zero as its dynamics is determined by
the fast-decaying Ae”y,. The green curve in Figure 3a shows
the results of numerical calculations according to the
Supporting Information, section V. Good agreement between
experimental and calculated dependences verifies that the
modeled change in gold permittivity is correct. It can also be
noted that the numerical spectrum is slightly sharper than the
experimental one. As we neglect imperfections like minor
angular divergence of the probe beam in modeling, the
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Figure 3. (a) Spectrum of the relative change in reflectance of the sample (dots) at 7, = 200 fs. Green curve shows the result of numerical
calculations. Gray line shows a TP resonance in reflectance. Inset shows a sketch of the TP resonance shift. (b) Transient reflectance of the sample
measured at different wavelengths of the probe beam. Curves are vertically shifted by 0.5 %o for clarity.
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Figure 4. Experimentally measured (a) and numerically calculated (b) relative changes in the sample reflectance vs probe wavelength and the time
delay between pump and probe pulses. (c) Calculated relative change in the sample transmittance vs probe wavelength and the time delay between

pump and probe pulses.

calculated resonances are narrower. This highly likely explains
the observed discrepancy.

Figure 3b shows transient reflectance at selected probe
wavelengths around the TP resonance. Probing away from the
resonance (pink and red curves) gives up to 20-fold larger
values of AR/R as compared with gold. However, the decay
times are at the picosecond scale, as they are governed by the
electron—phonon coupling. At the probe wavelength of 779
nm (red curve), a” = 0, thus, AR/R(7) mimics Ae’(z). When
the probe wavelength blueshifts, a” begins to grow, while o’
decreases. At the wavelength of 774 nm (blue curve), a’ = 0,
so the transient reflectance has the shape of Ae”(7). At the
wavelengths between, AR/R has a complex shape determined
by the relative contributions from real and imaginary parts of
the transient permittivity. For instance, at the probe wave-
length of 775 nm (orange curve), reflectance shows a fast
positive modulation, which is succeeded by the negative one,
and the slow picosecond equilibration.

In bare metal films the similar picture is observed when
probing near intrinsic resonances, for example, at the
wavelengths around d—sp transition threshold.*” However, in
such a case, the dynamics of reflectance and transmittance is
slower since one involves transitions to the long-living states
close to Fermi energy. Another shortcoming is that wave-
lengths of the interband transitions in metals are close to the
ultraviolet part of the spectrum. The latter is inappropriate for
the telecom and plasmonic applications. In contrast, engineer-
ing artificial resonances allows for shifting the wavelength of
the pulse-limited modulation to the infrared spectral range.

The generalized results of the time-resolved reflectance
spectroscopy of the PC—metal sample are presented in Figure
4a. The plot shows AR/R versus the probe wavelength and the
time delay between pump and probe pulses. It can be seen that
the wavelength dependence of AR/R has an asymmetric profile
with the positive modulation at the short-wave side of the TP
resonance and the negative modulation at the long-wave side.
Temporal dynamics of the reflectance is also wavelength-
dependent. This is attributed to the different ratios of @’/a” at
different wavelengths, as was discussed earlier. It should also be
noted that AR/R rapidly approaches zero when the probe
wavelength is blueshifted from the TP resonance. In contrast,
at the long-wave side of the resonance, the reflectance
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modulation is nonzero in a wider spectral range. This is a
direct consequence of the a’’ spectral dependence. Numerical
simulations of the sample AR/R versus probe wavelength and
pump—probe delay are shown in Figure 4b. Calculated
spectrum is in an excellent agreement with the experimental
data.

Figure 4c shows a numerically calculated time-resolved
spectrum of the PC—metal sample AT/T. Both reflectance and
transmittance spectra have derivative-like shapes in the vicinity
of TP resonance. While AR is being positive at the short-wave
edge of the resonance and negative at the long-wave side, AT
exhibits an opposite behavior. This is expected since TP
resonance manifests as a dip in the R(1) and as a peak in the
T(4). Moreover, the spectrum of the AT/T is more symmetric
and displays comparable values of modulation at both sides of
the resonance. The spectrum of AT/T follows the spectral
dependences of f’ and ", as demonstrated in the Supporting
Information, section IV.

As it is seen from Figure 4, background-free ultrafast
modulation can be achieved in both reflection and trans-
mission geometries. An important fact is that magnitudes and
specific switching times are the same for AR/R and AT/T.
However, the sign of the modulation is opposite (positive for
R, negative for T) and wavelengths of the ultrafast modulation
differ by 1.5 nm. This feature looks promising for the all-
optical demultiplexing.

As the last step, we measured the temporal dynamics of the
sample broadband reflectance and transmittance, collecting an
integral probe signal at all wavelengths. Black dots in Figure Sa
show a normalized AR/R of the sample, while orange dots
show the same of the bare gold film. First, it should be noted
that the magnitude of the sample AR/R is 15X larger than the
one of the gold film. Second, the transient reflectance of the
sample has the same behavior as the gold one. The initial rise
of the reflectance occurs within 250 fs and is followed by the
exponential decay. The decay constant found from the single-
exponential fit is 1.2 ps which is in a good agreement with the
previously reported values for gold.”

Temporal dependence of the relative change in the sample
transmittance AT/T shown in Figure Sb has a more peculiar
behavior. After the initial excitation, AT exhibits an ultrafast
pulse-limited spike. The spike occurs at the same time scale of
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Figure S. Transient reflectance (a) and transmittance (b) of the
sample. Orange dots show a transient reflectance of the bare gold film.
Shaded areas show the pump—probe cross-correlation. Solid red
curves show the results of numerical calculations.

250 fs as the initial rise of AR and is followed by a slow
picosecond relaxation. The maximum of the initial fast
transmittance modulation occurs 30 fs after the peak of the
pump—probe cross-correlation. This delay is most likely
related to the finite lifetime of the TP, which equals to 32 fs
for a TE-polarized light incident at the angle of 25°.*’

As it was mentioned, the coefficients a and f for a bare gold
film are almost independent of the probe wavelength in the
infrared region. The transient reflectance of the gold is
determined by both the Ag’ and Ag”, while the transient
transmittance takes the shape of the Ae’(7). However, ultrafast
features of Ae”y, are cloaked by much more notable A¢’, since
a and f have about the same magnitude. In contrast, for the
PC—metal sample spectra of @ and f are nonmonotonic and
sign-changing. Thus, the transient broadband AR/R and AT/
T become the complex combination of Ag’ and Ae”.

At wavelengths in the vicinity of TP resonance, a’ is 10X
larger than @”, which means that the AR/R is dominated by
changes in ¢’. At the same time, AT/T(z) demonstrates
transient features of both &’ and &” as '’ is twice as large as '
and has the opposite sign. The ultrafast spike in transient
transmittance visible in Figure Sb at the time scale of +150 fs
occurs because AT/T(r) essentially reflects Ae”(z) as the
latter grows much faster than the Ae’(z). After 150 fs Ae’
reaches its maximum, becomes 8X larger than the Ae”, and
starts to decay exponentially. When Ag’ falls below
approximately 2Ae”, AT/T of the PC—metal sample becomes
negative and approaches constant value determined by the
modulation of €” due to the heating of the gold lattice. The
complete relaxation to the unperturbed value takes several
dozens of picoseconds and is not shown here.

Using calculated values of &y, we have modeled the
transient optical response of the PC—metal sample using a
procedure, described in the Supporting Information, section V.
The results of numerical calculations shown in Figure 5 with
solid curves are in an excellent agreement with the
experimental data.
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The presence of the picosecond background in the
broadband AT/T (Figure Sb) is determined by the ratio of
Y8 and Y ,8" over all probe wavelengths A. Coefficients, in
turn, are defined by the geometry and material properties of
the sample. By adjusting thicknesses, materials, and number of
layers, one can achieve background-free ultrafast modulation of
the broadband transmittance of the PC—metal sample. On the
other hand, for virtually any PC—metal sample, one can find
wavelengths in the vicinity of the TP resonance at which a'’/
a' = —Ae'/Ae" ., or B/ = —Ae'/Agl,. At those
wavelengths, AR/R and AT/T, respectively, will exhibit a
pulse-limited switching.

TP-supporting samples are compatible with the current
CMOS technology and can be easily embedded into the on-
chip photonic circuits. The biggest advantage of such samples
is the ability to smoothly tune the wavelength of the TP
resonance in the broad range around the design value. Thus,
the operational wavelength range of the TP-switch is
significantly larger than the one of the current nanoplasmonic
switches. However, most of them can be complemented with a
PC to support excitation of Tamm plasmon. In the discussed
experiment, the permittivity of only the gold layer was
modulated. Nevertheless, the magnitude of the broadband
sample AR/R is significantly enhanced as compared with a
bare gold. Broadband sample AT/T displayed the completely
different dynamics with an ultrafast pulse-limited spike. Thus,
PC—metal samples are promising candidates for expanding the
scope of plasmonic and photonic devices. A background-free
modulation can be significantly boosted if a nonlinear material
is used for the topmost layer of a PC. Additional enhancement
of the modulation can be achieved by the spatial localization of
the pump field, for example, in the waveguide-like geome-
try.””** Proper selection of the geometry and nonlinear
materials” and using resonant pump scheme can guarantee
full switching (AR ~ 0.5) at p] pump pulse energies.

In conclusion, we have demonstrated that PC—metal
nanostructures can be used to achieve ultrafast reflectance
and transmittance modulation at wavelengths around the
Tamm-plasmon resonance. The resonant wavelength is defined
by the sample geometry and can be efficiently tuned to the
desired spectral range. Using pump—probe technique, we have
shown that the magnitude of the sample broadband AR/R is
15X larger than the one of a bare gold film at the same fluence
of the infrared pump. Moreover, we have shown that by
choosing proper wavelength around TP resonance, dynamics
and magnitude of the sample reflectance and transmittance can
be arbitrarily tailored. Namely, at the wavelength of 774.5 nm,
close to the resonance minimum, we observed background-free
150 fs switching with the magnitude of 4 X 107* In contrast, at
the wavelength of 779 nm, corresponding to the slope of the
resonance, we observed modulation of 2%o with a picosecond
relaxation. We believe that the reported results are useful to
improve the performance of integrated plasmonic devices, such
as switches, modulators, and demultiplexers.

B METHODS

Samples. The sample under study was a one-dimensional
photonic crystal comprising SiO, and ZrO, layers and
terminated with a semitransparent 30 nm thick gold film.
Layer thicknesses were 110 and 145 nm for ZrO, and SiO,
layers, respectively. The thickness of the topmost SiO, layer
was 220 nm to adjust the TP excitation wavelength to the
range of the used laser. The sample was made by successive e-
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beam deposition of layers to the fused silica substrate. Using
scanning electron microscopy, we have confirmed that the
layer thicknesses are uniform across the sample and that the
deviation from the target thicknesses is less than 1 nm. A bare
30 nm thick gold film on the same substrate was also prepared
to be used for the reference measurements.

B ASSOCIATED CONTENT
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Detailed description of the experimental procedures and
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