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The photonic band gap of a two-dimensional photonic crystal is continuously tuned using the temperature
dependent refractive index of a liquid crystal. Liquid crysial was infiltrated into the air pores of a
macroporous silicon photonic crystal with a triangular lattice pitch of 158 and a band gap wavelength
range of 3.3-5.7um. After infiltration, the band gap for the H polarized field shifted dramatically to
4.4-6.0um while that of the E-polarized field collapsed. As the sample was heated to the nematic-isotropic
phase transition temperature of the liquid crystal (59 °C), the short-wavelength band edge of the H gap shifted
by as much as 70 nm while the long-wavelength edge was constant within experimental error. Band structure
calculations incorporating the temperature dependence of the liquid crystal birefringence can account for our
results and also point to an escaped-radial alignment of the liquid crystal in the nematic phase.

Throughout the past decade, there has been a great dealusing the temperature dependent refractive index of a nem-

interest in photonic crystal$C9, which are periodic dielec-  atic liquid crystal. . .
tric materials capable of inhibiting the propagation of light ~In this paper, we report a tunable two-dimensional
over a spectral region known as a photonic band’ffapol- ~ macroporous silicon PC possessing a photdrand gap
lowing initial theoretical predictions, many crystals were Where the tuning of the band gap is achieved via the tem-
fabricated, first in the microwave regime and recently in thePerature dependent refractive index of a liquid crystal infil-
visible r ,im Man lications of PCs have been br trated into the pores. Upon heating the liquid crystal from the

sibie regime. Vlany applications ol LS have DEEn Proj,matic to the isotropic phase, we observed a wavelength
posed including spontaneous emission corfrddsers’

. ! S B shift of 70 nm for the short-wavelength band edgem-
waveguides, filter§,and optical limiters. These applications  monly referred to as the air band eggethe I'-K direction.

would be significantly enhanced if the band structure of therpe long-wavelength band edgthe dielectric band edge
crystal could be tuned. A practical scheme for tuning thegid not change within experimental error. Calculations based
band gap was recently proposed by Busch and Sakihp  on a plane wave expansion method are consistent with the
showed that coating the surface of an inverse opal structurgbserved temperature dependence and suggest an escaped-
with a liquid crystal could be used to continuously tune theradial alignment of the liquid crystal.

band gap. A step towards this goal was realized by Yoshino Two-dimensional PCs, possessing a triangular lattice of
et al,” who tuned thg111] stop band of an artificial opal air pores with a pitch of 1.58.m, were fabricated in
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FIG. 1. Microstructured bar of macroporous silicon photonic
crystal oriented in thd’-K direction with a width of 8 crystal
layers.

macroporous silicon. The details of the fabrication process
can be found in Ref. 8. A thin bar of a microstructured PC,
with a width of 8 crystal rows and fixed on a silicon sub-
strate, is shown in Fig. 1. Samples oriented in I & di-
rection with a height of 10Qum, a length of 5 mm, and a
width of 200 um (127 crystal rowswere prepared for this FIG. 2. H-polarized transmission spectrum of photonic crystal

experimer\t. L . .. oriented in thel'-K direction (a) prior to and(b) after infiltration
The microstructured PCs were infiltrated with the liquid liquid crystal E7. Solid line: nematic phase (35 °C). Dotted

crystalE7, purchased from EM Industries Inc. The eutectiCjine: isotropic phase (62 °C.
mixture E7, which is in the nematic phase at room tempera-
ture and undergoes a phase transition to the isotropic phasgng a range of 4.4—6.um. The transmission minima at
at 59 °C, was chosen for its wide nematic temperature rang&avelengths of 3.4—3.5, 6.2, 6.7, 6.8, and /412 are due to
and large optical anisotropy dfn = 0.2. In particular, the liquid crystal absorption lines. The sharpness of the band
ordinary and extraordinary refractive indices at a temperaturedges indicates complete infiltration. Although the
of 35 °C(deep in the nematic phasand at a wavelength of H-polarized band gap remains open and large, the complete
10.6 um are 1.49 and 1.69, respectivélythe infiltration  two-dimensional band gap of the original crystal has been
was performed by submerging the PC sample into a smalbst due to the closing of thE-polarized band gap. The air
volume of E7 heated well into the isotropic phase, utilizing band edge at 4.8 m shifts 70 nm upon heating the infiltrated
the strong capillary action of the pores to draw up the liquidsample to make the liquid crystal phase change from nematic
crystal. to isotropic. The shorter-wavelength band edge at3n2

The infiltrated samples were clamped between two brassxperiences a similar frequency shift. However, the dielectric
plates, each of dimensions’1”X1/8", in order to pro- band edge at 6um has not shifted by any measurable
hibit the leakage of light above the bar and below the subamount. The air band edge wavelength is plotted as a func-
strate (the edges of the substrate were coated with silvetion of temperature in Fig. 3. A measure of the band edge
paind. Small "X 1" kapton heaters were fixed to one face of wavelength was obtained by taking the wavelength of the
each brass plate, and surface thermocouples were fixed to tBedB point with respect to transmission peak at the band
opposite faces. The surface temperature of the brass platedge. As the temperature is increased, the band edge wave-
was maintained using a temperature controller. Using thi¢ength is redshifted until the phase transition from the nem-
arrangement, the average temperature of the sample could k#c to the isotropic phase occurs. The disagreement between
controlled within 0.2°C, with an absolute accuracy ofthe accepted transition temperature of 59°C and the mea-
+0.5°C. The transmission spectrum was measured using sured temperature of 60t%.5 °C is attributed to a small
Bomem MB Fourier transform infrared spectrometer,(~1 °C) vertical temperature differential across the sample,
equipped with a mercury-cadmium-telluride detector and ashifting the observed transition to a higher temperature.
mid-IR wire-grid polarizer. In order to investigate the magnitude and direction of the

The H-polarized transmission spectrutne., with the observed band edge shift, calculations of the band structure
E-field polarized perpendicular to the pore axe§the un-  of the infiltrated photonic crystal were performed using a
infiltrated PC, oriented in thE-K direction, is shown in Fig. plane wave expansion method. The refractive index for the
2(a). There is a wide stop band from 3.3-5umMm. After  H-polarized field depends on the alignment of the liquid
infiltration, the transmission spectrum changes dramaticallgrystal director field inside the pores. For simplicity, we
as shown in Fig. @®). The spectrum shows a stop band span-chose to model an axial alignment, in which the liquid crys-

Wavelength (um)
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FIG. 3. Dependence of wavelength shift of air band edge on r’'R
temperature of infiltrated photonic crystal. Solid line: fit to data. ) o o o
Dashed line: calculations based on axial director alignment. FIG. 4. Alignment of liquid crystal within cylindrical pore for

the case of escaped-radial configuration with a weak molecular an-
) ) ) ) choring strength ofV,=1x10"° J/n?. Bottom: radial dependence
tal director is parallel to the pore axis. The pore is thereforey girector angle. Top: orientation of director at discrete radial
uniaxial, with the optic axis being in the direction of the pore points.

axis. In this case, the H-polarized field becomes an ordinary
ray, and the refractive index within the porerig. Calcula-  director field remains in the plane perpendicular to the pore
tions of the H-polarized band structure were made using reaxis forming a polar distribution.
fractive index values oh, measured at a wavelength of  The stability of a particular configuration can be analyzed
10.6 um,’ ranging from 1.489 at 35 °C to 1.541 at 59ffile  py calculating the free energy. The free energy per unit pore
difference betweemy(10.6um) andny(4 nwm) is expected |ength of the AX, ER and PP configurations can be found in
to be less than 0.3% based on the extrapolation of measurgaple 1 of Ref. 13. Using the Frank elastic constantg Bf
ments ofny made in the visible reginjeThe refractive index K,;=11.1 pN,K33=17.1 pN, ancK ,,=28.6 pN* one finds
of silicon at a wavelength of wm was taken to vary be- that the ER configuration is stable over that of the AX and
twien03.428 (35°C) and 3.432 (65°C), in agreement withpp 1%onfigurations for all molecular anchoring strengths
Ref. 10. W,.

The results of the calculations are also shown in Fig. 3, The director field for the ER configuration, given by the
where the air band edge wavelength is plotted as a functioangle(r) between the local director and the pore axis, can

of temperature for thé&-K direction (the frequency shift is  be obtained by solving the implicit equatigr®
constant across the entire Brillouin zone bounglaBpmpar-

ing these results with the data, one observes that although the [(c+1) (A—1) Vp—1(A—o0)
band edge is shifting in the same direction for both cases, theg = (o—1) (A+ 1)exp< N~ 1arctanm ;
calculated shift of 113 nm is much larger than the experi- 1)
mental value of 70 nm.

The fact that the experimental and theoretical shifts are invhereR is the pore radius; is the radial coordinate within
the same direction indicates that the actual alignment ithe pore,ao=W,R/K;;+Ky,/Ky3—1, A=\1+ ptarfQ(r)
largely axial. However, the lack of evidence of a completeand »=K33/Ky;. A particular realization of the ER configu-
axial shift in the experimental data suggests a more compliration for a weak molecular anchoring strength Wf=1
cated director field. The director field of a liquid crystal in a X 10> J/n? is shown in Fig. 4, wherd) is plotted as a
porous medium is strongly dependent on the interplay befunction of r and the orientation of the director is shown
tween the elastic properties of the liquid crystal and the naabove the graph. The director is axially aligned at the pore
ture of the anchoring at the pore wallThe two anchoring center ¢ =0) and rotates as a function of radius to an angle
types are homeotropic, where the liquid crystal molecule®f 58° at the pore wallf{=R). In this case, the H-polarized
align perpendicular to the pore wall, and homogeneouslight experiences the spatially averaged refractive index
where the alignment is parallel to the pore wall. The type andvithin the pore which is larger thany and increases with
strength of surface anchoring &7 in macroporous silicon temperature until the nematic-isotropic phase transition oc-
has not yet been identified. If we assume homeotropic aligneurs. The resulting smaller wavelength shift is consistent
ment of the liquid crystal, as was the case for pentylcyanowith the observations. It would be useful to unambiguously
biphenyl (5CB) nematic liquid crystal in a silica aerogel determine the anchoring type and director alignment using
matrix}? then the potential director fields are axi@X),  nuclear magnetic resonance technigtfes.
escaped-radidER) (possibly accompanied by point defects ~ The calculations(based on the AX configuratipralso
and planar-polafPP configurations. The ER configuration predict a wavelength shift of 51 nm for the dielectric band
occurs when the director, which is anchored homoetropicallyedge over a temperature range of-3® °C. The difference
at the pore wall, escapes into the third dimension towards thbetween this shift and the larger shift of 113 nm for the air
center of the pore. The PP configuration occurs when thband edge is a result of the different spatial electromagnetic
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field distributions of the two bands. The dielectric band is alarger since the extraordinary refractive index changes by a
mode with most of its energy propagating in the high dielec-greater amount than the ordinary refractive index from the
tric material’® Orthogonality between modes causes the aimematic to the isotropic phase. Even though Brgolarized
band to have the majority of its field energy propagating inband gap between the second and third bands was closed
the low dielectric material. Therefore, the air band is muchafter infiltration, calculations predict the existence of another
more sensitive to changes in the dielectric constant of th®and gap between the seventh and eighth béaida wave-
low-dielectric medium(i.e., the liquid crystal Furthermore, length of 2.3um) that could be tuned in this manner. The
the spatial distribution of the field within the pore plays an switching time of !IQUId crystal infiltrated PC devices .could
important role in determining the magnitude of the tuning®€ decreased to times on the order of 10(Ref. 19 using

shift. In the case of the air band, calculations show that th&lectric fields to reorient the director field. Thetype silicon

electric field is concentrated near the pore center and des_arr?p?tles ;J?fd n tn:srexpf&ryegf,gh(i\r/]viv\?vr, clgntalrnei anhlgh
creases towards the pore wall. Thus the field is most sensienSity of free carriers<10""cm ™) that would screen a

. ; . ~ . applied electric field.

tive to the director alignment near the pore center, which is In summary, we have demonstrated the first tunable pho-
largely axial in the case of the ER configuration. On thetonic band gap using liquid crystals infiltrated into a two-

other hand, the electric field within the pore for the dieIeCtriCdimensional macroporous silicon PC. The wavelength of the
band is large near the pore wall and decreases to a very smﬂl '

litud h Thi e is theref -polarized air band edgén the I'-K direction was con-
amplitude at the pore center. This mode Is therefore mOSﬁnuously tuned over 70 nm by raising the temperature of the
sensitive to the director alignment near the pore wall. In th

icinity of th I the ER di is tilted | Snfiltrated liquid crystal from the nematic to the isotropic
vicinity of the pore wall, the Irector s tilted at a large phase. Band structure calculations based on an axial align-
angle with respect to the pore axighe amount of tilt de-

ment of the liquid crystal predicted a shift of 113 nm. The
pending on the anchoring strengtty). The refractive index d 4 P

i thi . i i ol measured shift, which is smaller yet in the same spectral
in this region will be a complicated spatial averagengand  girection, is consistent with the interpretation that the liquid

ne (the extraordinary refractive indgxwhere the averaging ¢ysta| is aligned in an escaped-radial configuration. The re-
is dependent on the director alignment, the field amplitudeg ts highlight the possibility of significantly enhancing the
and the polarization. This averaged value will change by Froperties of many photonic crystal applications and also

smaller amount than, as the liquid crystal is heated from 4, 4yige an alternative probe of liquid crystal alignment and
the nematic to the isotropic phase. Therefore, the lack of aBhase transitions in confined geometries.

experimentally observed shift for the dielectric band is also
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