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Quantitative Measurement of Transmission, Reflection, and Diffraction of Two-Dimensional
Photonic Band Gap Structures at Near-Infrared Wavelengths
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We present quantitative measurements of the interaction between a guided optical wave and a
two-dimensional photonic crystal using spontaneous emission of the material as an internal point
source. This is the first analysis at near-infrared wavelengths where transmission, reflection, and in-
plane diffraction are quantified at the same time. Low transmission coincides with high reflection
or in-plane diffraction, indicating that the light remains guided upon interaction. Also, good
qualitative agreement is found with a two-dimensional simulation based on the transfer matrix method.
[S0031-9007(97)04591-2]

PACS numbers: 42.70.Qs, 42.25.—p, 42.50.—p, 42.82.-m

Photonic band gap (PBG) structures are of great intertion [Fig. 1(a)]. The guided emission impinges on a
est for both fundamental and application-driven reasonslab of 2D PBG structure that has been deeply etched
[1-3]. They are periodic dielectric structures that are dethrough the waveguide. By comparison with an unpro-
signed to affect electromagnetic wave propagation in theessed area, the reflection, transmission, and diffraction co-
same way as the periodic electrostatic potential in a crystadfficients of the photonic crystal can be determined. This
structure affects the electron motion by defining allowedset of measurements fully describes the interaction of the
and forbidden (the gap) electronic energy bands. Theguided mode with the photonic crystal and, in particular,
open the possibility of manipulating electromagnetic wavethe transformation of transmitted into reflected light at a
emission and propagation processes. As a result, novband edge.
types of light sources with high electrical to optical con- A movable internal point source is obtained from the
version efficiency, directionality, spectral narrowing, andfocused spot of a red laser diode (678 nm) which excites
sub-Poissonian noise can be expected [1,4]. the photoluminescence of threeglnGag3As strained

A first step towards achieving these goals is theguantum wells (QWs) embedded in a 250 nm wide GaAs
demonstration of the basic properties of photonic crystalsingle-mode waveguide with MoGa0As barriers, 400
such as good transmission or reflection coefficients in thand 30 nm wide, respectively. In our particular design,
allowed or forbidden energy regions, respectively, andhe guide captures about 40% of the emitted PL [14].
minimal losses. So far, experimental determination of

gaps in the near-infrared or visible range relies on partia , (b)l—)%leaved A\U; PLLIN

data, e.g., only transmission, in both the two- (2D) anc _ [Tl Cleaved x [99e IC"
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[9,10]. However, some observations of scattering of Iigh10ptic?l
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out of the PBG plane [11—13] have given rise to the con-p"mp(i% A profile = |
cern that the finite height of the holes and the waveguid: “PL £ . ‘
geometry might lead to strong scattering of light into the source 1000 990

R Wavell h
substrate or the free space above the sample, which may avelengrh(zm)

preclude the use of PBG structures in integrated optics:IG. 1. (a) Schematic of experiment. (b) Side view of (a):
Complementary transmission and reflection data is, thergtonfiguration for measurements at normal incidence. The

f Il th " ded to clarify this i rectangle features the PBG slab. Multiple-beam interfer-
ore, all the more urgently needed to clarify this issue. ences occur between the cleaved edge and the PBG pattern.

~ Our experiments use photoluminescence (PL) as aft) Typical experimental transmission spectrum in ar=
in-built point source in a planar waveguide configura-220 nm sample.
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The in-plane radiation pattern is isotropic, and consists oénces. In the plane-wave approximation, the raial,
circular waves. This light probes the photonic structurehen amounts to the well-known Fabry-Perot transmission
before leaving the sample by a cleaved facet, where it " 2
is collected with a microscope equipped with polarizers. Trp(A) = - ,
The beam is then split b(re)twegn p:f CCD cgmera for 1= rrexp2i®) exp(—ad’)
observation and a multimode fiber, which collects awhere ¢ is the amplitude transmissiomn, is the ampli-
known disk of light in the magnified image of the tude reflection coefficient of the photonic crystal, and
sample edge for spectral analysis. This system features is the amplitude reflection coefficient of the cleaved
a4 um spatial resolution for the spectral analysis with aedge; 2® = 47 d'nes/A is the round-trip phase and
X20 objective (numerical aperture 0.4). As detailed exp(—ad’) is the absorption, both at normal incidence. If
elsewhere [15], the guided part of the PL emission isad’ > 1, spectral oscillations appear in the rafigp(A)
easily separated from the radiation into substrate anfsee Fig. 1(c)]. We separately extraet from I;(d) o
air, when the distancé from the source to the cleaved exp(—ad)/d by varyingd; r; is the known Fresnel reflec-
edge is larger tha0 wm. Furthermore, only rays with tion coefficient for the cleaved edge at normal incidence
a maximum internal angle of-6° with respect to the (r, = 55%). Itis then straightforward to dedud@d ) =
normal of the cleaved edge are collected by the objectivd|?> andR(A) = |r|?> on the small corresponding range of
due to its limited numerical aperture and the high indexx = a/A from the mean value and the fringe visibility
of refraction (n.;y = 3.4) of the waveguide. Using this V = (Tgp~ — Tep)/(Tep~ + Tep') [18]. We performed
natural angular selectivity, the PBG pattern is essentiallfhese measurements on seven different samples with pe-
probed by those rays normal to the cleaved edge, i.e., it isSods a varying from 180 to 360 nmu{ = 0.18 to 0.38)
probed along the axis of Figs. 1(a) and 1(b). in order to obtain data on a larger rangeuwof For each

Here, PBG patterns are defined &ypeam lithography sample, we extract the following data frofiap(A) across
followed by deep reactive ion etching [6,16]. They the 20-nm-wide useful range: the transmission valie)
consist of a triangular array of cylindrical holes with a at 995 and 940 nm for TE and TM polarization, respec-
lattice parametew varying from 180 to 360 nm. We tively, the derivativedT (u)/du, and the fringe visibility
chose a moderate filling factgt (ratio of holes to total V, in order to calculate the reflection coefficigtit In the
area) of between 25 and 30% to minimize radiation losseexample of Fig. 1(c),T(x) = 5 X 1073 at 995 nm, the
into the air and the substrate [6]. In this, f) range, the derivative is slightly positive and the fringe visibility is
hole depth (abou6.8 wm) is reasonably constant, with 67%. Givenad’ = 0.22, we deduceRk = 75%.
straight side walls [6], so that the patterns interact with All subsequent data are taken through @6+long
more than 95% of the guided mode. Two types of patternslabs of photonic crystal, 15 unit cells thick. Measured
were fabricated, with either thEM or the 'K principal  transmissior?’(«) (points) and their derivative®T (i) /ou
crystallographic axis of the Brillouin zone, aligned along (arrows) are reported for all samples in Fig. 2. Lines are
thex axis [17]. guides to the eye. The four sets of data correspond to

In this Letter, we shall focus mostly on transmissionall four caseqTE, TM) X (I'M,I'K) of polarization and
and reflection at normal incidence and will discuss in-propagation direction.
plane diffraction on a selected example. For these mea- For comparison, we show the theoretically predicted
surements, we take the ratio of intensitieg/; collected transmission of a triangular array of infinitely deep air
when guided light traverses a deep-etched PBG pattern afylinders in a uniform dielectric, below the experimental
perioda and a nearby unprocessed area [Fig. 1(b)]. Thelata. The theory is based on the transfer matrix method
ratio of these two measurements eliminates all other inf19] which yields transmission, reflection, and in-plane
terface and absorption effects in the guide and thus givediffraction coefficients. Parameters used in the calculation
the PBG effect alone [15]. Because of the strain in theweref = 28.5%, consistent with experimental values and
QWs, the guided emission is polarized: mostly TE ( dielectric constard = 10.2, somewhat lower tham.¢s [6].
in the guide plane) for heavy hole transitions (980 nm), The general behavior of intensities as well as deriva-
mostly TM (H in the guide plane) for light hole transi- tives is very consistent with the calculation. In TE, the
tions (930 nm). The useful spectral range in the particulatwo overlapping stop bands at about= 0.25, going
heterostructure used in this experiment is approximatelgown to the noise level, are particularly noteworthy and
20 nm, centered at 995 and 940 nm for TE and TM po-confirm previous measurements where only rising band
larizations, respectively, and is limited by reabsorption ofedges (here betweemn = 0.27 and u = 0.29) were ob-
guided light in the waveguide. served [6]. Clear falling band edges appeamat 0.2

We can extract transmission and reflection data fromior I'M and atu = 0.23 for I'K. In the pass window
a single measurement. The material section between thetweeru = 0.3 andu = 0.35, transmission in excess of
parallel cleaved edge and the PBG pattern forms a slab &0% is observed. The contrast between pass and stop
thicknessd’ bounded with partially reflecting boundaries: windows exceeds three decades. In TM; M stop band
the cleaved facet and the pattern [Fig. 1(b)]. Thereforeinhibits transmission near = 0.21, but does not overlap
guided waves undergo in-plane multiple-beam interferwith the I'K low-transmission window around = 0.26,
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o3 54 FIG. 3. Reflection data of PBG patterns for TE (left) and

uza/’x ' TM (right) polarizations. Dashed lines and square symbols
are for 'K orientation, full lines and triangular symbols are

FIG. 2. Transmission data of PBG patterns for TE (left) andfor I'M. Top frames: experimental reflectivities deduced from

TM (right) polarizations. Dashed lines are fBK orientation,  fringe analysis. Lines are guides to the eye through the various

full lines are forI'M orientation. Top frames: experiments. samples. Bottom frames: theoretical predictions using the same

Each symbol is the mean value and the double arrow iparameters as for transmission.

the derivative. Small dotted lines represent the noise level.

Lines are guides to the eye through the various samples.

Bottom frames: theoretical predictions for a pure 2D PBGT = 1. Above, four beams are diffracted in first-Bragg

with air-filling factor f = 28.5% and matter dielectric constant orders at angl#, two with efficienciesyz and two with
e =102. efficienciesnr [Fig. 4(a)]. This is not a loss mechanism
and does not preclude the use of PBG for spontaneous
where transmission is at noise level. This does not correemission control: Lossless interaction with the structure
spond to a genuine stop band but results from a symmetryzow readsR + T + D = 1, whereD = 29z + 277 is
forbidden coupling between the incident wave and théhe diffracted power for unit incident power.
conduction band mode [6,20,21]. Note the impressive Experimentally, the in-plane diffraction is detected in
value of TM transmission alonjM, over 80% foru be-  the geometry shown in Fig. 4. In transmission [Fig. 4(b)],
tween 0.25 and 0.3. It is the first time, to our knowledge guided light also appears at a poit away from the
that such good agreement has been obtained over suchaiect beamimd. Recalling the~6° directional selectivity
wide range ofu values, both in terms of reduced energyachieved by our setup, light occurring at such a point
dependence and absolute transmission values. can only have been redirected by the lattice from oblique
A crucial test that would ensure exclusive in-plane in-incidence # to normal incidence and is, therefore, an
teraction is that low-transmission regimes coincide withunambiguous signature of in-plane diffraction. The same
high reflection. Figure 3 shows the reflection data ob-holds for the reflection geometry of Fig. 4(c). The direct
tained from fringe visibility. Unlike Fig. 2, we dis- beam is seen at’, but light also emerges &’'. In both
play data points, not derivatives, because there were neases, one measuresBabr B’ the diffraction efficiency at
enough fringes in the 20 nm spectral window. oblique incidenc® if the reference is taken at a distante
The four setqTE, TM) X (I'M,I'K), compared to the
theoretical curves of Fig. 3 (same parameters as above)
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again show a very satisfying agreement. The highes fy A <—> <>
reflectivity of R > 80% was obtained for TE polariza- ®) ¥ n

tion propagating alond’M, coinciding with the low- d| | c a@
transmission window. TM reflectivities are significantly N, R "R eé

below theoretical predictions, but the relative position of \T 5
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the various curves and the overall spectral behavior is sti () =—><— pag B
maintained. A/1 \ ©

Reflection and transmission alone, however, do not tel . X
the whole PBG story: Because of the periodic nature
of PBG patterns, the in-plane interaction may also be G |4
largely diffractive. As discussed by Sakoda in [21],
plane waves may be diffracted at angles predicted by thEIG. 4. (a) Definition of forward and backward diffraction
standard ruled grating formulas [18], using the surfaceefficiencies at angled with normal incidence. (b) In the
period of the 30um-long PBG slaba for T'M and+/3a experiment, light is forward diffracted along theaxis with

o . . L oblique incidence#. Redirected light exits the sample at point
for 'K. Conditions for diffraction at normal incidence B, farther away from the direct beam in poiAt Reference is

are thenu = (nee) ! for IM and u = (v3neer) ™! for  taken withd” = SC + CB. (c) Analogous configuration for
I'K. Only below these cutoffs should one obseRet  backward diffraction.
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from the edge, equal to the total diffracted light patti &  trol of spontaneously emitted light in an integrated optics
SC + CBinFig. 4). Theresultis, from calculation (and it configuration. We have emphasized that very high diffrac-
can be shown by time reversal symmetry arguments), thdion coefficients can be obtained, which shows that PBGs
a reciprocity rule holds for oblique to normal incidence andin the gap should not be viewed as mere specular mirrors.
normal to oblique incidence diffraction efficiencies, so thatConversely, this efficient diffraction could be exploited for
the measured efficiencies in our experiment are the santhe realization of compact dispersive elements such as grat-
nr andynr of Fig. 4(a). ings in integrated optics systems using standard single-step
As an example, let us consider the particular casdithographic techniques. In our view, these measurements
u = 0.22 in TE. Data of Fig. 2 show transmission less validate, for the first time at such wavelengths, the hopes
than 10% along both’M andI'K. While the reflection placed in photonic crystals, to efficiently “mold the flow
coefficient is over 80% alond'M, it is very weak of light” [3].
along I'K (less than 5%). Withneys = 3.4, the I'M Part of this Letter is supported by the European Con-
sample is below diffraction cutoff, whild’'K is above tract ESPRIT SMILES No. 8447. T.F.K. is supported
cutoff with a predicted diffraction efficiencnz = 0.9. by a Royal Society Research Fellowship and we thank the
We, indeed, measuregr = 40% and nr = 0%, thus Nanoelectronics Research Centre at Glasgow University
D > ~80%. This result is again very consistent with for technical support.
theoretical predictions. Measurements on all samples
allowed us to compare measurgg and n; with transfer
matrix simulation, still using the same parameters as «presently at California Institute of Technology,
above. Whileng proved to be in good agreement with Mail stop 136-93, Pasadena, CA 91125.

predictions, both quantitatively and far values, nr "Permanent address: Groupe Photonique, Laboratoire

showed values lower than predictions, but with the same  d’Analyse et d'Architecture des Systémes-CNRS, 7,

global behavior. avenue du Colonel Roche, 31077 Toulouse Cedex,
Finally, the consistency of the three coefficie®sT, France.
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