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Electric-field-tunable defect mode in one-dimensional photonic crystal
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A one-dimensional photonic crystal possessing an electric-field-tunable defect mode in the
lowest forbidden band is demonstrated. The compact photonic structure consists of two
symmetric Bragg mirrors made of alternate quarter-wave layers of SiO, and CeO, separated by a
defect layer of an incipient ferroelectric SrTiO; with electrodes transparent for terahertz
radiation on its both sides. The applied bias is then perpendicular to the layer and modifies the
in-plane dielectric function, which is probed by the transverse terahertz wave. The observed
tunable behavior is in agreement with the model of the ferroelectric soft mode behavior in
SrTiO; single crystals. The defect-mode frequency tunability is proportional to that of the
soft mode: we achieved a relative tunability of 6.5% at 105K under an electric bias of 60kV/cm.
© 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4809821]

Photonic crystals (PCs) are periodic structures which
can exhibit forbidden frequency bands'? in which they do
not transmit electromagnetic radiation. Breaking of their pe-
riodicity usually results in a narrow transmission spectral
line in the forbidden band, which is called a defect mode.?
The field distribution of the defect mode shows a strong
confinement in the proximity of the defect layer.*> These
properties make PCs attractive for a number of applications
like narrow passband filters,’ resonant cavities with a high
quality factor,® waveguides,”® and couplers designed to
enhance nonlinear phenomena.’

The tuning of the defect mode frequency is an interesting
possibility to enhance the application potential of photonic
structures; this may be achieved by changing the operating
temperature,'®'® by applying an external magnetic'*!’
and/or electric 1“1eld,18_22 or by optical illumination.?>%*
Obviously, the most promising way to control the defect
mode consists in applying a voltage, as it is easy to imple-
ment. Most works on the electric-field tunability of the defect
mode are either theoretical or targeted to the optical spectral
range; whereas no experimentally demonstrated prototype of
PCs with an electrically tunable defect mode in the terahertz
(THz) frequency range have been reported so far. The THz
frequency region is of particular interest, because beside its
spectroscopic use, it provides interesting possibilities in
imaging, sensing, and communication technologies.?

In this Letter, we propose and experimentally character-
ize a one-dimensional (1D) PC for the THz frequency range
with an electric-field-tunable defect mode. The tunable prop-
erties originate from the anharmonic lattice behavior of the
incipient ferroelectric SrTiO5 (STO) single crystal,”® which
is inserted into the PC as the defect layer.

The investigated PC shows a twin defect (Fig. 1), i.e.,
the defect layer is enclosed between two identical Bragg
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mirrors consisting of two alternating dielectric layers.
Several facts should be taken into account for the design of
Bragg mirrors. First, a higher reflectance of the mirrors
implies a stronger feedback and, consequently, a narrower
defect mode and higher transmission losses in a lossy defect
layer. A compromise should be found between a high peak
transmission and an acceptable width of the defect mode.
Second, the lowest forbidden band of the PC should be as
broad as possible. This is achieved when the alternating
layers composing the Bragg mirror have equal optical thick-
nesses”’ and when the contrast of refractive indices of the
layers is high (ny/n; =~ 2.3 in our case). Finally, it was shown
that the widest tunability of the structure, where the refrac-
tive index of the defect (np) is high (np>n;, ny), is
achieved when the defect layer is surrounded by the low-
index (n;) layers.5

In our study, we used the Bragg mirrors previously
employed for the investigation of a thermally tunable defect
mode in a 1D PC.'? Crystalline quartz was used as the low-
index material (n; ~2.1), and undoped CeO, ceramic played
the role of the high-index material (n;;~4.8). This ceramic
shows low losses in the THz range, and its permittivity is
almost temperature independent.”® All individual layers
forming the Bragg mirrors were polished to optical quality
on both surfaces. Each mirror was made of three quartz
plates (each 230 um thick) separated by two discs of CeO,
ceramic (each 100 um thick). The clear aperture of the Bragg
mirrors was larger than 8 mm.

STO single crystal was purchased from Crystal GmbH
and thinned down to a thickness dp = 50 um. The geometrical
dimensions of the crystal used as the defect layer were 10 x 10
% 0.05 mm°. On both sides of the plate, we deposited nano-
crystalline Sb-doped SnO, films with a thickness of ~200 nm
(Fig. 1).%® These thin-film electrodes combine a sufficient low-
frequency (MHz) conductivity and transparency in the THz
range. The details on the synthesis and deposition of the doped
SnO, nanoparticles were published elsewhere.***’ The areas

© 2013 AIP Publishing LLC
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FIG. 1. Scheme of the investigated photonic crystal with SrTiO5; (STO) sin-
gle crystal as a defect layer.

covered by the thin-film electrodes were ~8 x 8 mm? on both
surfaces of the crystal. Before assembling the PC, thin electri-
cal wires were put in contact with corners of both electrode-
film square patterns by a high-purity silver paint. The RC con-
stant of the crystal with electrodes was theoretically estimated
to be about 20 us (the capacitance of STO slab is ~10 nF at
105K and the resistance of electrodes is ~2kQ). The entire
structure consisting of two Bragg mirrors and the defect was
enclosed between two apertures and tightened with screws.

The dielectric response of STO in the THz range is gov-
erned by the ferroelectric soft mode (SM)**3! which has a
strongly polar character. Its contribution to the sub-THz
permittivity is given by

e))

where oy is the soft mode frequency and f is its oscillator
strength, which is proportional to the square of the effective
charge connected to this vibrational degree of freedom. The
SM frequency is markedly temperature (7) dependent due to
the proximity of the lattice instability (ferroelectric phase
transition) and its electric field (E) dependence is connected
to the anharmonicity of the lattice potential.*> The latter
becomes more anharmonic at lower temperatures with
approaching to the ferroelectric phase transition. This is
illustrated in Fig. 2 where the dielectric spectra of STO with
and without electric field are plotted for 105, 150, and 300K
the curves are based on the data published in Ref. 26.

A custom-made time-domain THz spectrometer’>
arranged in the transmission geometry was used for experi-
mental study of an electric-field-tunable defect mode in the
temperature range from 90 to 300K. The entire photonic
structure was put in a helium-cooled cryostat equipped with
electrical connections for the bias field application.
Transmitted time-domain THz signal was measured for each
applied field value and each temperature. A reference mea-
surement was made with an empty aperture. The complex
transmission spectra were then calculated as ratios of the
Fourier transformations of the signal and reference wave
forms. The time-domain scans were 250 ps long, which cor-
responds to a spectral resolution of 4 GHz.

The measured transmission functions at 105K and 150K
are shown in Fig. 3 in the frequency range corresponding to
the lowest forbidden band together with calculations based on
transfer matrix formalism.** The lowest forbidden band lies
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FIG. 2. Calculated dielectric spectra of STO single crystal with and without
applied electric field based on data from Ref. 26.

between 100 and 215GHz at 105K and it contains a single
defect mode (at ~173 GHz for 0 kV/cm). Upon application of
the electric field, the defect-mode transmission peak shifts
towards higher frequencies and its amplitude increases. This
behavior directly stems from the properties of STO, where the
applied field leads to a decrease of the permittivity (see Fig. 2)
and losses.”® The observed defect-mode frequency shift under
the maximum applied field of 60kV/cm is 11.5GHz, the
defect-mode linewidth is ~8 GHz and the peak transmission
is about —16dB. The relative tunability defined as a ratio of
the tuning range and the central frequency then reaches 6.5%.
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FIG. 3. Amplitude transmissions of the investigated PC in the frequency
range of the first forbidden band at 105K (upper panel) and 150K (lower
panel): solid (0 kV/cm) and dashed (60 kV/cm) curves are measured spectra;
dashed-dotted (0kV/cm) and dotted (60kV/cm) curves were calculated by
transfer-matrix formalism using complex dielectric function of STO taken
from Ref. 26.
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FIG. 4. (a) Calculated frequency of the defect modes in the first forbidden band versus the soft mode frequency in 50-um-thick STO defect layer (losses of
STO are neglected in this figure). The grayscale indicates the power transmittance of the PC. Dashed lines show the soft mode frequencies at 105, 150, and
294 K. The two solid symbols on the second order branch indicate the tunability achieved by an electric field £ =60kV/cm at 105 K. The red dotted lines cor-
respond to the approximate linear relation (2). (b) Calculated temperature dependence of the field tunability of the defect mode: dvp/dE.

Using the transfer matrix method, we calculated a series
of transmission spectra of the PC in the lowest forbidden
band with np obtained from the STO permittivity>> and
neglecting the losses; the results are shown in Fig. 4.

The soft mode contribution to the permittivity Ae of
STO is largely dominant (>96% below room temperature)
over the high-frequency one which is due to hard polar pho-
non modes and electronic polarization. In this sense, the soft
mode fully determines the dielectric function and the refrac-
tive index np in the THz and sub-THz range and it is possi-
ble to relate the defect mode frequency v to the soft mode
frequency o (Fig. 4). An analytical formula can be also
derived from Eq. (25) in Ref. 35 and with an assumption that
np ~ /Ag; we show here an approximation valid close to
the center of the bandgap, where the reflectance phase of the
Bragg mirrors can be neglected

vp(T,E)

wo(T, E). 2

. mc

2y/fdp
Here ¢ is the speed of light in vacuum and m is an integer
denoting the defect mode order. This relation implies a linear
dependence between vp and @,. Fig. 4 clearly shows that
Eq. (2) constitutes a very good approximation of the defect
mode behavior. At 105K we observe the defect mode with
m = 2. Its tunability is increased by a factor of 2 compared to
the defect modes on the branch m =1, as for example that
observed at 150K and shown in Fig. 3. The defect mode fre-
quency is inversely proportional to the defect layer thick-
ness; it means that the tunability of the structure increases
with decreasing dp. Note, however, that for some value of
the thickness, the defect mode will merge with the allowed
frequency band at the high-frequency edge of the bandgap.
Another mode with a lower m (and lower tunability) will
enter into the forbidden band.

There is a good agreement between the measured spectra
and the transmission calculated by the transfer matrix formal-
ism (Fig. 3). One can note a small frequency shift between
the theoretical and experimental data, which may originate
from an uncertainty of the structural parameters of the PC.
Furthermore, the theoretically predicted tunability (~10%) is
somewhat larger than the measured one (~6.5%). There are
two possible sources of this reduced tunability. Since we used
mechanical polishing of a thick STO single crystal to prepare

the very thin plate inserted into the PC, a residual stress
affecting the lattice dynamics of STO may be produced.®®
This may change not only the steady-state (unbiased) dielec-
tric properties, but also the electric-field tunability via the
soft polar mode dynamics.?® In other words, the dielectric
properties of the 50-um-thick crystals can slightly differ from
one sample to another. In addition, a possible partial damage
of the thin-film tin oxide electrodes during the construction of
the PC can be at the origin of the observed lower tunability.
Indeed, defects in the percolation of the conductive film and
possible existence of small electrically isolated areas would
decrease the surface of the sample influenced by the bias.

In Fig. 5, we summarize the defect mode tuning as a
function of the electric field and we show also the data up to
the second forbidden band, which spreads from ~400 to
~530 GHz. One can distinguish two rather weak (<—30 dB)
defect modes in the second band gap. The first one splits out
from the lower band edge at about 20 kV/cm and shifts up to
450 GHz at E=60kV/cm. The second one is hard to distin-
guish at zero field: it starts at about 480 GHz and it merges
with the upper band edge for electric field of 60kV/cm. The
relative tunability of these modes is about 10%, which is
comparable to that of the defect mode in the first forbidden
band. However, their peak transmission is too low to be of
interest in potential applications.
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FIG. 5. Transmission spectra at 105K up to the second forbidden band.
Upper panel—measured data; lower panel—calculation by transfer matrix
formalism. The color scale indicates the transmittance expressed in dB.
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The electric-field tunability of STO decreases with
increasing temperature (see Fig. 2), but the losses in STO
become lower, too. Consequently, at higher temperature a
better peak transmission of the defect mode is observed,
which is paid by its lower tunability. For example, the peak
transmission of the defect mode at 150K exceeds —9 dB, but
its relative tunability drops to ~1% at 40kV/cm (see Fig. 3,
lower panel). At 120K, the tunability is about 2% but the
transmission peak reduces to —13 dB. Cooling the PC below
105K is not reasonable because of a significant reduction of
the defect-mode peak transmission related to rapidly increas-
ing dielectric losses in STO. Moreover, a ferroelastic cubic-
to-tetragonal phase transition at 105 K would lead to an ani-
sotropy of dielectric properties of STO crystals at lower
temperatures.37

To summarize, we have demonstrated an electric-field-
tunable defect mode in the first forbidden band of a 1D PC.
The relative tunability of 6.5% was achieved at 105 K under
the applied electric field value of 60kV/cm. The tunability
originates from the electric-field-dependent permittivity of a
SrTiOj; crystal embedded as a defect in the 1D PC. The fre-
quency of the defect mode scales linearly with the frequency
of the ferroelectric soft mode of SrTiOs.
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