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Thermally tunable filter for terahertz range based on a one-dimensional
photonic crystal with a defect
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A high-quality smart filter for terahertz range with relative tunability reaching 20% has been
demonstrated. The filter is based on a narrow transmission band, which originates from a defect
mode that appears due to insertion of a single crystal of KTato otherwise periodic
one-dimensional photonic crystal. Frequencies of defect modes are controlled by the refractive
index of the defect: their high tunability is achieved by the strong temperature dependence of the
dielectric properties of KTa@ The low losses of KTa@lead to a high peak transmission of the
filter. Influence of the defect losses on the properties of the filter is also discus2fD4GAmerican
Institute of Physics[DOI: 10.1063/1.1787623

Photonic crystalgPC9 are periodic structures, which tures. The appropriate PCs have submillimeter lattice period
can exhibit frequency regions in which the propagation ofand thus can be fabricated relatively easiy® The THz
electromagnetic waves is forbiddéreaking the periodic- spectral range is characteristic for rotational transitions of
ity of a PC leads to the creation of extremely narrow defecitmany gas species and it thus constitutes a unique source of
modes in the forbidden bandsThere are various potential information for the analytical chemistry of gases with appli-
applications based on the unique properties of PCs, such astions in atmospheric remote sensing and in astronomy:
inhibition of spontaneous emission, light localization, andobservation of vibrational and rotational transitions of mol-
enhancement of nonlinear phenoméfarhe use of PCs ecules makes it possible to detect a wide variety of mol-
with a defect for high-quality frequency filtering in spectros- ecules in interstellar clouds, for examﬁ?e?l’he dynamic
copy or in communication devices is a straightforward andrange of existing detectors could be increased if high-quality
potentially very promising application. In order to extend its prefiltering is used to dramatically reduce the noise band-
scope and versatility, it is necessary to find a simple mechawidth. The tunability would finally allow a simple selection
nism for the tunability. While several studies deal with theof the investigated spectral range.

tunability of forbidden band$ or switching of defect PCs(Ref. 19 and defect modes in PGRef. 16 in the
modes), the tunabilitg/ of defect modes still remains a topic THz domain have been investigated for a rather long time
much less explored: now. However, only a few papers deal with the tunability of

The terahertzTHz) spectral domain has been a very defect mode$™ In this paper, we report on a thermally tun-
active field of research for the last two decades owing to theple filter based on a one-dimensional PC with a defect. The
development of time-domain THz spectroscoDTS)."®  related defect modes appear as very narrow transmission
This method allows fast and reliable phase-sensitive meaands in wide regions with a suppressed transmission origi-
surements without requiring any calibration as it is the cas@ating from the forbidden bands. Here we use a structure
when using vectorial network analyzers. Consequently, ifwith a twinning defect, i.e., a structure consisting of two
addition  to  the  well-established  spectroscopiCBragg mirrors—twins—symmetrically enclosing a single-
applications;"*? it can be used for full characterization of |ayer defect. Such a structure was theoretically investigated
PCs (Ref. 13 as well as for THz imaging and recently from the point of view of its tunabilify In order to
tomography*** achieve high tunability, a change of the optical thickness of

The THz region is of particular interest regarding thethe defect must be comparable to the central wavelength of
design, characterization, and applications of photonic struce first forbidden band. However, the optical thickness of
the defect must be kept small enough to avoid the presence
@Electronic mail: duvillaret@univ-savoie. fr of a large number of defect modes in each forbidden band.
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FIG. 1. Temperature dependence of permittivtgnd loss tangent taf of
a single crystal of KTa@measured by TDTS at 0.4 THz.

Ternpere’)\l’ure(K)
8 3
-,
LA
a8 bho

The absorption of the defect must be kept as low as possible S T R R R TR
in order to obtain a high peak transmission. These properties Frequency (THz)

can be Sa.tISfled apove the . temperature of II’K:IplenltilG. 2. Transmissiokin decibelg of the PC under investigatioa) experi-
ferroelectric matezqals with perovskite structure such asnentally determined data ariti) numerically simulated data. The two ver-
KTaO; or CaTiO;.“" In this study, we used a 6pm thick tical lines indicate the edges of the first forbidden band.

single crystal of KTa@. Its dielectric properties in the THz

region, measured using TDTS, are shown in Fig. 1. dEtaiISenou h sensitive at lower frequencies, mainly due to the
on the measurement can be found in Ref. 22. The permittiv- 9 d ’ y

ity change of KTaQ reaches a factor of almost 3 between presence ba 6 mmdlameter diaphragm in front of the PC.

. . - On the other hand, the higher-frequency components are
100 and 300 K while the losses remain sufficiently Igass strongly attenuated due to high absorption in KaBigure
factor tan6<0.04 below 0.5 THz. 9y g P 9

. . 2(b) shows the results of a numerical simulation performed
The investigated structure was constructed as follows.( ) P

Each Bragg mirror was fabricated using three 100 thick using a trqnsfer-matnx mgth&B.Both measured and nu-
. . L merically simulated transmission curves for 280 K are shown
wafers of quartz with a 15 mm diametglits refractive index

(~2.1) is constant in the THz region and the losses arein Fig. 3. In order to match the simulated data and the ex-

negligibl®. The individual wafers were separated by alirperlmental results, we have considereduibthick air layers

layers, which were created by inserting 208 thick silicon on both sides of the defect. This air gap prpbably .or|g|nr.:1tes
from the curvature of the PCs created during their fabrica-

spacers placed near the edges of the quartz wafers. The . :
. . I tion. The remaining differences between the measured and

Bragg mirrors were mechanically stabilized by drops of glue

. : : simulated spectra are only very minor: the small amplitude
put on their edges. The .KTegi(Dlefect wib a7 mmdlameter, mismatch takes place mainly because of the uncertainty of
surrounded by a 50m thick ring of a Mylar foil, was placed

between the Bragg mirrors. Finally, the whole structure Wasthe defect losses entering the numerical simulation.
99 ‘ Y In Figs. 2 and 3, we can see the first forbidden band

fixed by miniature springs. In this setup we expected to mini-b

. tween 0.20 and 0.50 THz, where the intensity transmission
mize the curvature of the PCs caused by the stress produce . o X
. . . is‘reduced by a factor exceeding 1000 in its upper part. This
during the construction or by the springs.

The transmission of the PC was measured by means cF?rbldden band is significantly wider than that of an equiva-

: : . . - ent PC without the defec(0.28—-0.44 THx This can be
TDTS in the experimental setup described in detail in Ref'understood having in mind that the optical width of the de-

24. Temporal scans of 150 ps duration were acquired, yield-
ing a frequency resolution of about 7 GHz, sufficient for the
characterization of our PC. The transmission spectra were 0

measured in the temperature range from 120 to 290 K with a ! — Measurement
===+ Simulation

step of 5 K. An ultralight copper holder has been used to
achieve a rapid and homogeneous thermalization of the PC.
The holder contains two heating elements and temperature
sensors. The temperature adjustment is obtained with a
differential-integral-proportional regulation and the obtained
accuracy on the regulated temperature is estimated to be bet-
ter than one-tenth of kelvin. The thermal time constant of the -30
holder-PC set is of the order of a few tens of second leading R T S T SR R
to a 2—3 min regulation time necessary to achieve the next 5 02 03 04 05 06 07 08
K temperature step. Frequency (THz)

The measured temperature-dependent transmission Spqﬁé. 3. Transmissior(in decibelg of the PC under investigation at the

tra are summarized in F?g.(@. Only the frequency region temperature of 280 K. The measured data are indicated by a solid line while
from 0.15 to 0.85 THz is displayed: the apparatus is nothe numerical simulation is represented by a dashed line.
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from the point of view of potential applications, other effects

[ ---- 6 wafers

10° £ —— 6 wafers, tan 5 = 10 dramatically reducing the performance of such structures
P 5wa:efs take place simultaneously. The higher is the quality of the
| == 4 wafers

Bragg mirrors enclosing the defe@te., the higher are their
reflection coefficients the higher is the effective absorption
of the defect® Consequently, for real defect materials with
small but nonvanishing losses, the peak transmission of the
defect mode may dramatically decrease with increasing qual-
ity of the Bragg mirrors.

— . This behavior is illustrated in Fig. 4 for our structure
03 0.35 04 with KTaO;: the peak transmission decreases by a fastdr

Frequency (THz) with each period added to both Bragg mirrors. In order to

FIG. 4. Influence of the number of lattice periods of the Bragg mirrors and'€COVer the high peak transmission and therefore the appli-
of the defect losses on the electric field transmission of the filter. The losgability of such a filter, the use of a highly transparent ma-
tangent is 0.03 except for the dotted curve, where' iused. terial for the defect is essential. For example, in the case of a
structure fabricated of six periods on each side of the defect

fect is comparable to the optical length of the rest of the pc(instead of only § it would be necessary to find a material

i.e., the band structure is affected by the insertion of theVith @ real part of permittivity comparable to the one of
defect. KTaO; but with the loss factor tad<10™ (see the dotted

In the first forbidden band, there are five branches cor€Urve in Fig. 4. Moreover, it would be no longer possible to
responding to distinct defect modg&ig. 2). Except the de- characterize such structures by means of TDTS due to its low

fect mode near 340 GHz, the four other defect modes preseff€duency resolution, and other methods such as backward-
a high tunability. The lowest branch is of major interest dugVave oscillator 35 vectorial network analyzer techniques
to its high peak transmissidn-—6 dB). Its frequency varies Would be required. _ o

from 267 GHz at 290 K down to 220 GHz at 170 K, i.e., its A high tunability THz filter similar to the one presented
relative tunability reaches 20%. in this paper would be of great interest for radio astronomy

The pair of defect modes appearing near the center of therovided that the peak transmission is_slightly increased and,
forbidden band exhibits a lack of tunability in a large tem- cOnsequently, a higher quality factor is obtained. These re-
perature range. An analogical behavior was reported in Refluirements would be satisfied using a defect material with

20 for a high wave-impedance defect enclosed betweelpwer Iossgs. Indeed, a tunable high-qua!ity prefilter based
Bragg mirrors fabricated of two alternating layers with ©" PC put in front of the antenna gf a far—lnfr.ared telescope
n_ < n,,, wheren, is the refractive index of the layer in con- would dramatically reduce the noise bandwidth and hence

tact with the defect. One can easily show that the same pavould increase the signal-to-noise ratio. Let us also notice
havior takes place in the present case where a low impedand@t for this specific application, the slowness of thermal tun-
defect(KTaO,, due to its high permittivityis in contact with N9 is not really detrimental. Moreover, it would be possible
the high-index layersn,,) of the Bragg mirrors. This behav- (0 Significantly increase the speed of thermal tuning by depo-
ior causes a reduction of tunability to less than half of theSition of a resistive ring directly onto the KTaQvafer in-
forbidden band. Consequently, in this particular structure, th&t€ad of use of remote heating via the PC holder.

width of the forbidden band seems to be the most limiting 10 Summarize, we have proposed and demonstrated a
parameter for the maximum tuning range. thermally tunable filter for the THz range based on a PC with

Lifting this limitation will not be an easy task. The wid- & defect. Its tunability reaches 20% and the peak transmis-

est forbidden band arises when the optical thicknesses of tiion Of the tunable defect mode is about -6 dB. We have also
layers constituting the Bragg mirrors are the s&rend this e_mpha_5|zed that construction of filters W!th higher quality
requirement is already very well satisfied in our structure. (- With narrower passband, lower forbidden-band trans-

The levels appearing in the center of the forbidden bandniSsion, and higher peak transmissievould require a ma-

and showing low tunability can be suppressed in case lowterial for the defect with significantly lower absorption than

index layers(n,) are brought into contact with the defect, KT@0s. In that case, such a high-quality filter with thermal
i.e., using a configuration in which air layers adjoin the de-tuning would constitute a prefilter of major interest for radio

fect. However, construction of such a structure would be @Stronomy.
very delicate task.

In all cases, it is possible to enlarge the forbidden bandACKNOWLEDGMENT
by increasing the contrast ratio of the refractive indices of the This work was both supported by the French Ministry of
layers constituting the Bragg mirrors. In addition, such aNEqucation through an “Action Concertée Incitative”, by the
operation leads to further reduction of the transmission in th‘i/linistry of Education of the Czech Republi®roject No.
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