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Photonic band-gap guidance in high-porosity luminescent porous silicon

P. Ferrand,? D. Loi, and R. Romestain
Laboratoire de Spectroniée Physique, Universitd. Fourier Grenoble 1—CNRS UMR 5588, BP 87,
F-38402 Saint Martin d’Hees, France

(Received 23 July 2001; accepted for publication 29 August 2001

We demonstrate a nanoporous silidgPS multilayered structure, offering an efficient photonic
band-gagPBG) single-mode guidance in a high-porosibe., low index layer in the near-infrared.

We show the good agreement between the calculated band structure and the measured spectral range
of efficient guiding. We discuss the different kinds of guided modes that exist within the structure,
and verify that only one PBG mode can be guided efficiently. Quantitative measurements of the
losses are performed using the room-temperature photoluminescence of nRP®01GAmerican

Institute of Physics.[DOI: 10.1063/1.1414302

The strong research effort devoted to photonic band-gagive denoted C in Fig. () was finely tuned in order to select
(PBG) materiald is motivated by their unique property to the light outcoming from the plane of the output edge.
allow an efficient guiding of light even across tight befds, The detection setup, based on the simultaneous imaging
opening the way to the realization of compact integratecbn a camera and on the entrance slit of a monochromator, has
photonic circuits. This justifies the urgent requirement forbeen described in a previous papén addition, normal in-
low-cost materials, whose optical index can be modulated atidence absolute reflectance spectra have been performed us-
a submicronic scale. Moreover, light emitting materials areing a two-beam Perkin-Elmer Lambda 9 spectrophotometer.
preferred, due to the convenience they bring while perform-  Conventional step-index guidance needs a slab of index
ing optical characterizatiors. ng surrounded by a mediuricladding having a lower index

In this context, nanoporous silicofnPg is a serious ng.4. The confinement of light occurs for propagation con-
candidate, thanks to its optical index that can be tailored bytantsk, verifying kng,q<k,<kny, wherek is modulus of
changing the porosity. Efficient optical microstructures havethe vacuum wave vector, thanks to the total internal reflec-
been already demonstrated, using submicronic index moduion (TIR) and thus to the exponential decay of field outside
lations in depth or in the plan€. In addition, high-porosity the slab. The PBG guidance does not need any TIR, but a
nPS layers present the unique property of photoluminescen®ragg reflection on a periodic surrounding meditfit a
(PL) at room temperatur Unfortunately, due to their low given optical frequencys, the only requirement is that this
index, they cannot channel the emitted light by step-indexnmedium possesses a range of forbidden valuek,fotn this
guidanceé’. In this letter, we demonstrate an nPS multilayeredcase, light cannot propagate in the periodic medium and van-
structure, offering an efficient single-mode PBG guidance inshes after a number of periods that depends on the index
a high porosity luminescent layer. contrast.

Our sample was realized by etching successive layers of  As illustrated in Fig. b), our structure is constituted by
different porositie$.We used low-dope@ type (100) silicon g periodic stacking of 4.5 pairs of alternating layers of high
substrate of resistivity 4—¥)cm, with a thickness of only (H) and low (L) indices(ny=1.55, n_=1.2, thicknesses,

100 um to allow perfect cleaved edges. A HR®tCHsOH  —0.186um, t,=0.576xm), and an additional layer of in-
(35:35:30 solution at room temperature, qnq current densigex ng=ny, of thicknessty= 2t , localized at the top. At a
ties of 16.6 and 333 mA cnt were used, giving rise to re- given frequency, guiding can occur in this last layer if the
spective porosities of 58% and 72%. After rinsing, an anodigo following conditions are verified simultaneoulgj) TIR

oxidation was performed, in a 1M HCI water solution, using gt the top air interface, i.ek<k,<kng; (i) Bragg reflection
a current density of 1 mAcn?, in order to increase and

stabilize the PL&

Two kinds of optical characterizations have been per- () laser S0k (b)
formed on the same optical bench described in Fig).1 beam u g =
Transmittance spectra have been performed by end-fire cou- z T 20182 E
pling, using the white light of a tungsten lamp, and x/-'—' _ S5 %HW""[
dispersion-free microscope objectiveL measurements g// =
were performed by pumping using an *Aion laser { white detection '-° ,
=0.4579um) by imaging a slit using a microscope objec- light SR M

tive, giving rise to a rectangular spot of size 130

X 400um of power density 0.6 W cn?, parallel and at a g 1, (a) Scheme of the multilayered nPS microstructure, and experimen-
distanceL from the output edge. The focusing of the objec-tal setup used for optical characterizations. Microscope objectives are des-
ignated by capital letters. A and C are used for white-light transmission
measurement; PL measurements need B andbCindex profile of the
¥Electronic mail: patrick.ferrand@ujf-grenoble.fr sample.
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FIG. 2. (a) Normal-incidence absolute reflectance experimental specthybi) projected band structure for the infinite multilayer. White regions correspond

to evanescent states. Dashed linesck, and w=ck, /n, indicate the boundary values kf in order to have a TIR at the top air interface. The black lines
inside some gaps correspond to PBG guided mo@es) Guided transmittance experimental spectra, plotted for both polarizations using the same scale;
(d,d’) modes calculated for the real structure in the range represented by the rectangle, showing all the types of guided modes present in th® structure:
substrate guided mode@) high index multilayers guided mode@) PBG guided mode. The circles show the splitting, as a proof of the coupling between
PBG and substrate guided modes.

on the bottom multilayer, i.ek, is forbidden. We define off appears earlier, due to the intrinsic absorption losses in
a=ty+t, . The index of the substrate g = 3.5. nPS in the visiblé? In addition, strong polarization effects

Limiting ourselves first to the simple case of an infinite appear: the guiding efficiency is typically six times smaller
multilayer, we have calculated and plotted its projected banih TM than in TE polarization.
structure as a function d&f,, for all possible values df,, as In order to illustrate the main sources of guiding losses,
shown in Figs. #) and 2b’), respectively for TE and TM Figs. 2d) and 4d’) plotted all the modes given by the cal-
polarizations:* Propagating states exist in shaded regionsulation of the real structure, in the range given by the rect-
while white regions allow only evanescent states. In addiangle in Figs. &) and 2Zb’). Three types of modes have
tion, we have reported the lines=ck, and w=cks/n_,  been indexed and indicated by arrows. Type 1 modes, guided
between which the condition of TIR at the top air interface isby TIR, are localized mainly within the substrate and exist
verified. The normal-incidence absolute reflectance experibetween the air line and substrate lit@=ck,/ng,, not
mental spectrum, plotted in Fig(&, shows the agreement plotted herg In our calculations, the substrate thickness was
between calculated gaps and high reflectivity ranges. O#rbitrary fixed to 2, in order to give well-spaced modes on
course in our structure, the reflectan@ess than 80%is  the figure. In the real case, the substrate can be treated as
limited by the low number of periods. However, at large
incidence, i.e., for largk, , the reflectance becomes highér,
due to high reflection coefficients at each interféeecepted
near the Brewster incidence for TM polarizatipso that 1 09 08 07 06
even a finite structure with a low number of periods pos- S
sesses forbidden frequencies very close to those calculated in
infinite structures.

Then we calculated the band structure of the real struc-
ture, constituted by the guiding layer, the finite multilayer,
and a substrate of an arbitrary thickness. We considered only
the bands below the air line, and in order to keep a clear

wavelength (um)

PL (arb.u.)

figure, we have only reported the major changes compared to —

the infinite multilayer case, i.e., the apparition of modes, =

plotted using a black line in Figs(l® and 2b’), inside the %

first TE and TM gaps, and in the second TE gap. Calcula- 2 207 -

tions of field distribution for these modes, not plotted here, 2 10 TE -

show that the field is confined in the guiding layer. 0 : : : : : I
07 08 09 10 11 12 13

Guided transmittance spectra, performed on a sample of
length 1.88 mm and plotted in Figs(c2 and 2c’), show that frequency wa/2rc
theses modes correspond to an efficient guiding. One should

expect a relation between the cutoff frequencies and the dig?C: 3- (2 Setof PL spectra obtained by varying the distabdmtween the
exciting spot and the output edge. For each frequency, the decay of PL is

appearance of the mode. This appears clearly for the 10Wed by an exponential law, as shown by the inset in log-s¢hjededuced
frequency cutoff foroa/27c~0.5. The high-frequency cut- losses vs frequency for TE and TM polarizations.
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infinitely thick, giving rise to a continuum of states. The five ization effects mentioned above are confirmed, with typical
type 2 modes are guided by TIR in the five layers of indgx  additional losses of 12 cnt for TM polarization. The shape
surrounded by layers of index, and constituting a multi- of the TE curve illustrates the competition between absorp-
channel waveguide, giving rise to a set of coupled md€es. tion losses that dominate fowa/2wc>1.1, and guiding
In the infinite multilayer they show up as a continuum. Thelosses forwa/27c<0.9. Finally, we would stress the fact
type 3 is our PBG-guided mode. that the porous nature of nPS allows the use of other impreg-
Except absorption and scattering, the only source ohated emitter$®

losses for light guided in this mode is the leakage into the In summary, we demonstrated an nPS multilayered
substrate, due to the finite multilayer. In other words, type Istructure, offering an efficient single-mode PBG guidance in
and type 3 modes could be coupled together, giving rise to aa high-porosity layer. We also performed quantitative mea-
anticrossing in the band structure. Such anticrossing is naturements of the losses using the PL of nPS.
visible in Fig. 2d), but appears clearly in Fig(&) (circles,
especially at low frequency. This is a qualitative justification - ) ) ] ) > -
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