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Experimens are describé on the prism-couplé excitation of surfae electromagneti waves in
one-dimensioriaphotont band-ga arrays The low loss of photont band-g@ materiat leads to
narrov angula reflectivity resonance and high surfae fields Thes attributes couplal with the
ability to enginee the opticd properties of photont band-g@ arrays sugges thee materias as
powerfu replacemerst for metd films in mary applicatiors tha make use of surface-plasmon
resonance © 199 American Institute of Physics [S0003-695(99)04313-2

This letter describs experimens on the use of prism
coupling to excite optical-frequeng surfae electromagnetic
waves (SEWS on one-dimensiona photont band-gap
(PBG) arrays The motivatian for this work is twofold. First,
techniqus to measue the SEW dispersia in photont band-
ga arrays are importart becaus mary applicatiors pro-
posel for thee materiab can be impacta by the radiation
channé due to surfa@ modes' A secoml reasm for explor-
ing SEWs in PBG materias is that thee modes hawe the
potentid to be superia alternative in mary current applica-
tions to surfa@ plasmors (SP typically excited in metal
films.

The genera condition for the existene of SEWs at an
interfae betwea two medais tha one material—tte active
medium—ha a dielectrc constan tha is negatie at the
frequeng of excitation wherea the othe mediun is apure
dielectric Unde thes conditiors Maxwell’s equatiors show
tha a propagatig mode—evanescénn ead medium—
exist at the boundary? For SP generatio the active medium
istypically ametal The beg resuls are obtaina with metals
sud as aluminum copper gold, and silver, which hawe a
negative red pat of the dielectric constah ard a small
imaginay patt indicative of low dielectric loss In contrast,
PBG materiab are composed of a regula periodc arrange-
mert of pure dielectrics The activity of this composie me-
dium resuls from the coheren effects of scatterig ard in-
terferene in the regula dielectrc array tha producs a
materid whose effecti\e dielectrc constamis negative Loss
in PBG systemsdetermine by the intrinsic loss of the con-
stituens ard interfacid roughnessis mud lower than in
metals.

Surfa@ plasmoms hawe along histoly of use in areas
such as nonlinea optics®* opticd modulators,™’ and
sensor$12 SEWs on PBG materiab offer potentid advan-
tages in mary of the® applications First, the properties of
the photont crystd can be engineerd to permt SEW exci-
tation at virtually any opticd frequency This featue is valu-
able for opticd SBW excitatio in the blue/violg where most
metak do not exhibit goad characteristis for SP excitation.
Secondthe low dielectrc loss in PBG arrays leads to much
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sharpe resonah coupling betwea the incomirng light and
the SEW modes Strorg coupling resuls in mucd highe sur-
face electromagneti (EM) fields, beneficidfor the excitation
of surfa@ nonlinea effects Further low loss produce much
narrowe reflectivity resonancgin the prism reflectivity ex-
periments which leads to modulatos with highe contrast
ratios ard sensas with significanty enhancd surfae sensi-
tivity.

Although muad recen progres has been mack on the
fabricatin of two- and three-dimensiorladielectric arrays
with photont bard gays at opticd frequencieswe cho® to
use one-dimensionaPBG arrays becaus of the smal size,
fragility, arnd limited availability of higher-dimensional
samples The sampé was fabricatel commercialy using
conventionathin-film depositiom and consiste of 15 bilay-
ers of TiO,/SIO, (30 layers total). The multilayer was de-
signed to exhibit a photont bard gap ove the frequency
exten of the lase and within the angula range accessitg by
the prism reflectian configuration Thes constraing led to a
multilayer consistirg of alternatirg layers of 1695 nm TiO,
ard 2471 nm SiO, tha correspondto a quarter-wae Bragg
reflecta with a normd incidene stgp bard centere at 1.39
um. At the angk of operatia the bard ggp extende from 1
um to just abowe 850 nm.

The experimenthconfiguratio for prism-couple SEW
excitation is shown in Fig. 1. The sour@ is atunabk diode
lase variabke over the range from 835 to 863 nm. The
multilayer was deposité on a glass substrag and the sub-
strak was contacte to the prism using index-matchiig fluid.

Photodetector

Computer controlled
rotation stages

Tunable Diode
laser

FIG. 1. Experimenthconfiguratia for surfa@ wave generatio using prism
coupling.
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FIG. 2. Angula reflectivity plots for three differert wavelengthsTop two
traces hawe been displacel upwad for clarity, thus the numericé scak is
only corred for the lowes trace.

The prism ard detecto are mountal on two rotation stages,
arrange coaxially, sudh tha the detecto tracks the move-
mert of the reflectel bean as the prism is rotated The inci-
dert s-polarized lase bean is choppa ard the photodetected
signd is lock-in amplified and recordel by a computer-
controlled data acquisition program.

Typicd plots of the experimentall determine reflectiv-
ity as afunction of incidert angk at the reflectirg face of the

prism 6 are shown in Fig. 2 for three wavelengths over the

tuning range of the diode laser The cup at 40.3 in each
ca® indicates the angk for total-interna reflection between
the prism and the air. In ead plot there are four reflectivity
dips at angles greate than total-intern# reflection As de-
scribal below, the deep narrow dip (half-width 0.089) at the
larges angk correspondto the excitatian of a surfae wave
a the bounday betwee the dielectrcc stadk ard the air. The
othe three modes are guided waves confined within the PBG
multilayer.

To understad the natue of the modes it is usefu to
conside a dispersim diagran tha plots frequeny against
the surfa@ componeh of the wave vecta for the boundary
betwea the multilayer and the air.! This diagram shown in
Fig. 3, can be divided into radiative and nonradiatie re-
gions For example on the air side of the film the radiative
region at ary frequeng f exist from zero-wae vecta up to
a limiting value 2#f/c. The limiting value corresponds to
light traveling directly paralld to the interface—tle largest
wave vecta possibe for light of this frequeng in air. In Fig.
3 the radiative region on the air side of the interface is indi-
catal by the horizonta hatd lines and encompassethe re-
gion from the verticd axis to the light line. A similar proce-
dure can be invoked to determire the limits of the radiative
ard nonradiatie regiors for light propagatig in the
multilayer photont array The problem is more complex be-
cau® the respone of the array varies with frequeny and
wave vector To determire the radiative zones of our
multilayer sample we adapte the theoretich methal de-
scribed in Ref. 13. The diagond hatchirg in Fig. 3 indicates
radiative regiors within the multilayer. Areas with no hatch-
ing correspod to frequency/wave-vectoregiors for which
propagatia in eithe medium is forbidden Surfae modes,
confinal to the interface will exid in thes part of the dis-
persia diagram.
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FIG. 3. (a) Surfae wawe dispersim diagran plotting frequeng vs in-plane
wave vector. The points are the experimental) determine values corre-
spondimg to the surfa@ wave mode (b) Detal of the experimentall ex-
plored patt of the dispersim diagran showirg that the surfae moce lies in
the nonradiatie region wherea the guided modes are radiative in the
multilayer.

To categoriez modes measurd experimentally we su-
perpog the frequeny and wave-vecto values from the
prism reflectivity experimen onto the dispersiam diagram.
The frequeny of the moce is determind by the lase fre-
quency and the wave vecta is derivaed from the parallel
componenhof the prism-couplé light given by

2wt
k=——nsin 0;,
c

@

whete n is the refractive index of the prism and ¢; is the
angk of incidene at the respectie reflectivity minima In
Fig. 3(a) only the larges wave-vecto mode for ead fre-
queng is plotted on the dispersim diagram Thes points lie
in the nonradiatie region indicating tha they correspod to
an excitation bourd to the surface.

Figure 3(b) shows an expandd view of the dispersion
curve detailing the region of interes ard plots all of the
experimentamodes at ead frequency Wherea the highest
wave-vecto moce lies in the nonradiatie region the lowest
three modes at ead frequeng are confinal to the diagonally

tchel zone indicating tha the correspondig excitations
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FIG. 4. Field profiles as afunction of deph for (a) the surfae wave (b) the
first guided mode ard (c) the secom guided mode The multilayer/air
bounday is located at 6.3 um.

are radiative in the multilayer. In fact, as the ensuirg field
analyss shows these modes are guided excitatiors within
the multilayer.

To highlight the differene betweea the surfa@ mode
ard the guided modes we presen calculatiors of the squared
E-field amplituce as afunction of dept in the multilayer.
The |E|? profiles were found by first calculatirg the prism
reflectivity using Fresnels equationsdeterminirg the angles
of the reflectivity minima, and then solving for the field pro-
file as afunction of deph at ead of thes angles Although
Fresnels equatios predia a reflectivity similar to tha mea-
sured the angula positiors of the guided modes ard more
significantly, the angula width of the surfa@ mode do not
matd exacty with wha is measurd experimentally The
theoreticaly calculatel surfa@ mode has an angula reflec-
tivity much narrowe (half-width 0.019 than tha observed.
This difference resuls becaus in the calculation we assume
tha the loss in the multilayer is determiné solely by the
intrinsic loss of ead of the constituemn layers In fact, the
loss is highe becaus of scatterilg introducel by the inter-
facid roughnes betwea adjacen layers ard at the surface.

W. M. Robertson and M. S. May

With this caveat the field calculatiors nonethelesillus-
trate nicely the differene betwea surfae arnd guided
modes Figures 4(a), 4(b), and 4(c) show respectively the
field profiles for the large$ wave-vecto (surface mode and
for the nex two lower wave-vecto (guided modes The
surface-mod field reachs its maximum in the first layer
nea the air interface The field decay exponentialy both
into the air ard into the multilayer. The conversim of the
volume EM wawe in the prism into the narrowly confined
surfa@ mode leads to a large field-enhancemen(about
250X at the surface characteristi of the SEWSs In contrast,
the field profiles of the lower wave-vecto modes have
maxima that are confined within the multilayer. The first has
one maximum and the seconl has two maxima Thes field
profiles are the first two standing-wae modes in the “wave-
guide” createl by the multilayer.

In conclusion our resuls shawv tha it is possibé to
coupk to SEW waves in PBG materiat in the sane optical
configuration used in mary SP applications With the choice
of sampé parametes examinel here we observe areflec-
tivity haff width of 0.08°—mudt narrowe than tha achiev-
able with SPs in metd films (typically, 0.59—and corre-
spondiry to a |E|? enhancemerof abou 250 at the surface.
SP field enhancemestin metd films vary greatly with the
choie of metd and the wavelength but are typically less
than 200. The® findings sugges tha PBG materias will
play an importar role in enhancig the capabilities of SEW
devices.
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