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Angle-resolved reflectivity of single-domain photonic crystals: Effects of disorder
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Angle-resolved reflectivity has been measured from single-domain photonic crystals consisting of air
spheres in a TiQbackbone. Monochromatic beams are focused to aOspot, and kept on the rotation axis
with a precision better than 10m. We report high reflectivity up to 94% and surface domains as large as
200 um, with a mosaic spread of 3°. The maximum reflectivity at normal incidence agrees well with
theoretical calculations in the scalar-wave approximation, extended to include an extinction length due to
diffuse scattering, that is obtained from independent experiments. The angle-resolved stop bands compare
favorably with previous measurements using coarse beams as well as with prior theoretical calculations.
Inhomogeneous broadening introduced by coarse beams in previous measurements is found to be small. Our
results can only be understood if we assume multiple Bragg diffraction from more than one family of planes
simultaneously to take place.
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[. INTRODUCTION reflected spectrum containing those frequencies that cannot
propagate inside the crystal. These measurements will show
Following the proposition of the Purcell effect some de-a cross section of the electromagnetic dispersion relations of
cades agd1l], it has been suggested that a structure, calledhe crystal for a certain direction of propagation. On the
photonic crystal, can be tailored such that an excited atorother hand, if reflectivity is measured with monochromatic
placed inside would experience an inhibition of spontaneoutight as a function of angle of incidence, information will be
emission[2]. A photonic crystal is a three-dimension@D) obtained about the dispersion surfaces, that is, the sections at
dielectric composite in which the refractive index is modu-constant frequency of the dispersion relations. A complete
lated with a periodicity of the order of the wavelength of characterization requires study of the dispersion relations for
light [2—4]. In such structures Bragg diffraction will forbid a all frequencies and directions or wave vectors. For weakly
certain range of frequencies to propagate for each directioimteracting photonic crystals, reflectivity and transmission
of propagation. The extent of this forbidden range, known aspectra are well described by the dynamical diffraction
stop gap, is dependent on the strength of interaction of lightheory, which correctly describes photonic effects in x-ray
with the crystal, gauged by the polarizability per volume of diffraction [10,11]. In the absence of disorder, the width of
the scatters that increases with the refractive index contrashe diffraction peak is equal to that of the stop gap, and
[5]. The center frequency of the stop gap will depend on theneasures the strength of interaction between crystal and in-
lattice spacing, in qualitative accordance with Bragg’'s lawcident light[5]. The height of the reflectivity peak will de-
[6]. For a sufficiently strong photonic interaction and suitablepend on the thickness of the crystal and the strength of the
crystal structures, stop gaps can overlap for every directiophotonic interaction.
of propagation leading to a range of frequencies for which In the case of strongly photonic crystals, comparison with
light will not be allowed to propagate independent of direc-theory becomes more difficult. In strongly interacting photo-
tion, a photonic band gap. Driven by the important implica-nic crystals, dynamical diffraction theory is not valid any-
tions from the point of view of fundamental physics such asmore, and it remains a challenge for theory to correctly de-
inhibition of spontaneous emission and localization of lightscribe reflectivity or transmission spectra from finite 3D
[2—4], but also from the possibility of developing applica- crystals[2]. Another important challenge for theory is the
tions based on these structulgs-9], there is currently a fact that experimental spectra are inevitably affected by the
large effort being carried out to fabricate the appropriatepresence of disorder. If coarse beams are used to measure
structure and also to understand the intricate ways in whicheflectivity, it is likely that more than one domain will be
light interacts with these structures. probed, which can lead to inhomogeneous broadening of the
When using white light to measure reflectivity from a reflectivity spectrd12,13. If strain is present, each domain
photonic crystal, a stop gap will manifest as a peak in thewill contribute to the overall reflected spectrum with a peak
centered at a different wavelength, whereas finite size do-
mains contribute with a broadenifg4], known as Scherrer
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»—/29 FIG. 2. Reflectivity fora/N=0.754-0.002 (a=477+14 nm,
N=633 nm, sample 2416), measured as a function ef at dif-

. ferent points on the sample surface. Thedetection stage remains
FIG. 1. Scheme of the experimental setup. Beams from laserfixed at normal incidence (@=180°).

L3 (633, 850, and 1064 nmare overlapped by beam splitters

(BS). The resulting beam passes through a chogPgthat is con-  wavelengths in order to measure reflectivity over a wide
nected to a lock-in ampllfler, and is eXpanded by a teles¢aiple Spectral range in terms of the relative frequea¢y, where

The microscope objective dJocuses and Qcollects the diffracted 5 is the lattice parameter and is the wavelength of light.
light. In the inset,a and 29 are defined as the angles that the For the samples and wavelengths used, we achieved values
incident beam forms with the normal to the surface and the dif- ¢ a/\N=0.754+0.002. 0.796 0.005 and 0.9960.006
fracted beam, respectively. For these values, we will probe inside the stop gap associated
. L , with the (111) Bragg diffraction, centered a/\=0.73 at
tivity and transmission spectra due to inhomogenous broadsormg] incidence, as well as below and above the center of

ening, it makes sense to try to probe single domains. This hage ayoided crossing of multiple Bragg diffraction @th
been demonstrated at normal incidence using white light by_ 5 gg [18]. For fcc photonic crystals band degeneracy can

Viasov et al.[13,15. In this paper, we probe the dispersion ;5. place near th&) point, narrowing the stop gap for

surface of photonic crystals that strongly interfact with Iight, -polarized lighf20]. In order to avoid thiss-polarized light
by measuring angle resolved reflectivity on single domaing,as peen used in all our measurements

using monochromatic laser sources. In doing so, the effects
of strain and mosaic spread are reduced, and the effects of
mosaic spread and finite size are quantified. The effects of
diffuse scattering are modeled by a small imaginary compo- We have measured reflectivity for different orientatians
nent of the dielectric function. of the sample while maintaining the detector at a fixed posi-
tion 20 chosen so that the wavelength used is inside the stop
gap for that orientation. By doing this we obtain information
about the orientation of the different domains constituting the

The experimental setup is shown in Fig. 1. Three lasesurface. Domains with different orientations will show re-
beams with frequencies of 633, 850, and 1064 nm are oveflectivity maxima centered at different sample orientations.
lapped by a collection of beam splitters and modulated by aVe have measured reflectivity systematically in this way
chopper. A telescope expands the beam which is then faever the whole surface of the crystals, dividing the surface in
cused onto the sample. In order to combine a narrow focah two dimensional grid consisting of points equidistant by
spot of 10um with a small angular aperture of 4° full angle, 200 um. In Fig. 2 normal incidence reflectivity results are
we used microscope objectives with a focal length of 7.35%hown for a sample with a lattice parametes477 nm
cm and a numerical aperture of 0.05 for both focusing andsample 241 6) using a wavelength =633 nm, which for
detection. The sample lies on therotation stage, where is  this sample is contained in thiegap, that is, the stop gap for
the angle between the incident beam and the normal to thiacidence normal to thélll) family of lattice planes. We
surface of the samplgrig. 1). The detection system consist- observe three curves corresponding to measurements done
ing of a microscope objective and a diode detector is placedn three different domains. Each curve shows an angular
on a separate 2stage, with the same rotation axis@s26  aperture equal to that of the reference measurement carried
is defined as the angle between the incident and the difeut with the mirror. Reflectivity as high as 94% has been
fracted beams. Due to physical limitations imposed by thedound, confirming that good quality single crystals are being
size of the objective holders, the angular range of collectiorprobed. From the position of the peaks, a mosaic spread of
is reduced to the interval 28°20<120°. An additional *2° can be deduced. Similar measurements were carried out
beam splitter is located before the focusing objective to alfor a sample with a lattice parameter of 847 risample
low for normal incidence collection at2=180°. 426—-6) at a wavelength of 1064 nm, only thatwas in-

The samples studied consist of a perioftic array of air ~ creased to 30° in order to be in the center of the stop gap. A
holes in a TiQ matrix [16,17]. Several are the same as the reflectivity up to 77% and a mosaic spread ©f3° were
ones in referencd42,18,19. We have employed samples of recorded. In both sets of measurements, domains as large as
lattice parameters 8475 and 477-14 nm with several L=200um were found, by selecting two points from the
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FIG. 3. Measured position of the rotation center of thetage FIG. 4. Angle-resolved reflectivity on sample 426 (a
as a function of the angle rotated by the age(circles, connected =847 nm) fora/A=0.796 (solid circles: A =1064 nm) anda/\
by lines. An overall change of less than }0m is observed. =0.996(open squarest =850 nm) as a function ok. The collec-

tion is done at 2=180-2« for every @. The hatched rectangle

grid with the same orientation, repeating the measuremenfgdicates the excluded angular region due to physical limitations in

for intermediate points, and observing high reflectivities. Thehe Setup.

resulting Scherrer broadening as a result of finite size is es- ) )

timated to be aboua/(y3L)= 1/400, which is only a small fuse scattering by defects, since for the range of wavelengths

perturbation to the much broader widths of the photonic gaptat we are using Tipdoes not absorf7]. We can also see

[12]. that as the reflectivity peak appears for larger angles, the
In coarse beam experiments, the small mosaic spread ofeflected intensity decreases. This cannot come from any

served would mean an inhomogeneous broadening of ledBisalignment of the beam with respect to the rotation center,
than 15 cm * at normal incidence, increasing to a peak valueSince in the reference measurements taken with the mirror, a

of 344 cm! for an anglea=60°. These values of the signal constant within 5% was recorded at all angles. It is
broadening are small when compared with the widths of th&onceivable that diffracted energy is carried away by mul-

peaks for those angles, 1004 chand 3795 cm?, repre- tiple Bragg diffraction discussed below, which warrants fur-

senting a relative broadening of only 1.5% and 8%, respectner study.

tively [12]. To obtain the range where stop gaps are present, we have

When trying to measure single domain angle resolved reused the heuristic but reliable criteriph] that the full width
flectivity, the beam must be carefully aligned with the rota-&t half maximum of a reflectivity peak corresponds to a stop
tion axis. Any misalignment will cause a translation of the 9P Data obtained in this way are plotted in Fig. 5. The
region of the sample exposed to the beams, as well as brin&-‘”gle point at normal incidence corresponds to t.he measure-
ing it out of focus as the sample is rotated. We found that th&n€nts done at relaﬂve frequenafh =0.754, see Fig. 3. The
detection optics on the @stage must be carefully counter- hatched line aa/)\.—0.7£_96 is our est!matlon of the fraction
weighted to avoid tilting of the rotation axis which also ©f the stop gap falling within the forbidden angular range. At
moves the sample out of focus. The counterweight process &\ =0-996 two peaks centered at different angles were ob-
done by observing the diffraction pattern of a Aén thick tained in separgte domains, probably due to strain. Mosaic
tungsten wire located at the sample holder as thstage is spread is not likely to be the reason for these two peaks,

rotated. The evolution of the pattern is observed for differengince each domain was properly Orien_tled Withhrespeﬁt to the
positions of the counterweight. An alignment is achievedncident beam by measurements similar to those shown in

such that the wire moves less than & from its original F|g_. 3. The peaks_are_plotted _together with error bars indi-

position over the whole angular range as is shown in Fig. 39at|nhg th? unrertgmty In th? \(/j\{|dth. .

This result shows that it is feasible to carry out angle re- :; e trlangbes In F'Zg' 51|n |gate rp])rewcl)ug m(?asurements

solved scans on objects, including single crystals, of.h® with coarse beam$12,18,19. or the relative requency

dimensions. a/N=0.796, a good agreement is observed between previous
For the sample witta=847 nm, angle resolved reflectiv- and present measurements. @t =0.996, the results ob-

ity measurements were carried out for the frequenaies
=0.796 and 0.996. The results are shown in Fig. 4. The
excluded angular range is indicated as a crossed block. We
see peaks that correspond to those directions where the stop
gap contains the frequencies used. Box =0.796 we ob-
serve a peak centered @t 30° and showing a half width at
half maximum of 13.2°, and a reflectivity of 77%. The peak
associated t@/\=0.996 is centered at=54° and has a

half width at half maximum of 10° and up to 39% reflectiv-
ity. The shape of the peaks deviate from the flat-top predicted
for perfect crystals by the dynamical diffraction theory. In' FIG. 5. Comparison of present angle-resolved measurements
this theory the rounded top shown by our peaks is associatg@lorizontal line$ with previous measurements using coarse beams
with extinction, which in our case can only come from dif- (open symbolsand theoretical predictiongrawn curves
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tained with coarse beams show a broader stop gap than that 10
obtained with a focussed beam. A reason for this deviation
could be that for measurements with focussed beams, a re-
alignment is carried out for each domain as described above,
in order to avoid any inhomogeneous broadening due to mo-
saic spread. But for the case of coarse beams many domains
are probed simultaneously, making it impossible to realign
each of them and therefore introducing inhomogeneous 0 50 100 150
broadening, which for this angular range can reach values up Number of layers
to 8% in frequency as discussed above. , ) , ,
The drawn curves in Fig. 5 are dispersion relations calcu- FIG. 6. The_ dotted line shows _the maximum rgfle_cted intensity
lated with the plane wave expansion using a dielectric modgfmax s @ function of the crystal thickness. The solid line represents
described in Refd.18] and[19]. For normal incidences this the increase oRpa, with the extinction lengthley, for a 40-layer-
model reveals diffraction by only thel11) family of planes thick grystal. Error bars |nd|c§te the,; range Fhat accounts for thg
taking ol As the anale of incidence incr we m Vreflectlwty we observ_e gxperlmentally. Inset._calculated reflectivity
aking place. As theé angie ot Incidénce Increases we mo gpectrum at normal incidence for a crystal in the presence of ex-
along the surface of the Brillouin zone in reciprocal space;.tion.
As we reach th&J point, diffraction from thg111) and(200)

families of planes will take place simultaneously resulting ingp5ut seven layers wheR,, ..~ 1— (1/e), before saturating
band repulsion of Bloch statgs8]. The fact that many 4t near unity for more than 20 planes. The solid curve in Fig.

waves couple, will cause a deviation of the dispersion relag showsR.... for a 40-plane crystal as a function of the
max

tion from simple Bragg behavior, thereby flattening the pho-gytinction length ., ,, expressed in the number of layers. It is

tonic bands, a requirement for the formation of a photoniGyeen that the maximum reflectivity increases with extinction
band gap. As shown in Fig. 5, the relative frequencies Wggn o1 From the difference betwedy, ,, versus structure
havg used in our experiments fall above anq below thenickness in otherwise perfect crystaldashed and R,
avoided crossing, and show good "’.‘gre.e”.‘em with the .C"’“Cl{/'ersuslext (drawn), it is obvious that reflectivity in presence
lated bands. Any attempt to ex_plam _5|m|la_1r results with 4of extinctioncannotbe simply regarded as reflectivity from a
model base_d on simple Bragg diffraction will therefore IeadCrystal with finite thickness. For an,, between 65 and 170
to systematic errors. planes, we obtain a maximum reflectivity of 88% as ob-
served in the present experiméFRig. 2). Such an extinction
IV. INTERPRETATION length compares favorably with mean free paths of 10 to
20 um or 60 layers, that were measured earlier by Koen-
To theoretically interpret our results at normal incidence,derink et al. [23]. The extinction length corresponds to a
we have performed calculations using the so-called scalakmall ratio between the imaginary and real components of
wave approximation, that is, using the plane-wave expansiothe dielectric function o&”(000)/e’ (000)=0.0035. It is in-
in t_he E-field forrr_]ul_ation and retaining only two reciprocal teresting to consider how long an extinction length is re-
lattice vectors, similar to Ref§21,22. We have extended quired to obtain a maximum reflectivity of 99.99%, that is
crystal imperfections. The two reciprocal lattice vectors coryrystal with a thickness larger than 20 layers, the calculated
respond to the incident wavekl=000, and the diffracted | ' to obtain such a reflectivity is of the order of“l@yers,
wave hkl=111. The Fourier components of the dielectric hich would require considerable improvements of all cur-
function are derived from the model described in RefS.ent fabrication techniqud$).
[18,19, that accurately mimic the structure of our crystals, |t is also interesting to note that a compleX(000) has
and whose dispersion relations agree well with reflectivityheen used for two-dimensional photonic crystal slabs by Be-
experiments. We take extinction due to diffuse scattering bY\isty et al, to describe the results of out-of-plane losk25.
for instance point defects and grain boundaries into accounh, their case, a ratie” (000)/e’ (000) of 0.11 was found. In
by a complex component of the average dielectric constanfe jight of the paucity of similar results, we conclude that
of the crystale”(000), which corresponds to a uniform ex- extinction is a seriously underestimated issue in photonic

tinction throughout the crystal. Note that this is different crystal research, which requires much more attention prior to
from the situation in x-ray diffraction, where absorption canconsjdering applications.

only be present at the positions of atoms, and the extinction
is thus spatially modulatefd0,11]. Figure 6(inse) shows a
calculated reflectivity curve as a function of frequency.
While we have not measured such a frequency dependence We have measured angle-resolved reflectivity with laser
(see e.g., Refd.13,15), we can nevertheless compare thebeams focussed to within single domains. Special care has
reflectivity measured at normal incidence to the maximumbeen taken to assure an alignment of the waist of the beam
Rmax Of the calculated peak. The dashed curve in Fig. 6with the axis of rotation to a precision of 1@0m. This tech-
showsR,, .4 as a function of the number of lattice planes in nique proves valid to carry out reflectivity measurements on
the absence of extinction, that is, with a purely regl000).  samples of 1Qum in dimensions. We have observed high
It is seen thaR,,,x Strongly increases, with a Bragg length of reflectivities up to 94% at normal incidence. This value de-
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V. CONCLUSIONS
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creases for larger angles of incidence, a behavior not undetion about the structure of the surface of our crystals, which
stood at this time. Evidence has been found for small inhoeomplements that obtained from optical and scanning elec-
mogeneous broadening present in previous measuremernt®n microscopy.

with coarse beams, due to the presence of a mosaic spread of

+ 3°, and finite size effects are found to be less than about

1/400. This technique opens an exciting opportunity to study ACKNOWLEDGMENTS
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