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Benefitting from the long path inside planar waveguides, we have investigated the optical losses of
porous silicon, in the continuous 0.8—1uén (0.77-1.55 eYrange. The obtained values, typically

a few cm'%, are 1 order of magnitude larger than “pure” absorption losses measured previously.
The other main sources of loss, including scattering on both interface roughness and
nanocrystallites, are invoked. Calculations give the same order of magnitude as measurements. We
also detected scattered light close to the direct beam20@0 American Institute of Physics.
[S0003-695(100)03548-9

The discovery of luminescentef porous siliconPS at  onto both a NIR camera and the entrance slit of a 1200
room temperature has initiated a strong research effort corgr/mm monochromator. The polarization is selected by a po-
cerning the optical properties of this material, resulting in thelarizer inserted in front of the monochromator. The signal
realization of distributed Bragg reflectdrsluminescent was acquired by a cooled InGaAs photomultiplier, and mea-
microcavitiess  holographic  gratingd, and planar sured through a lock-in amplifier. All experimental spectra
waveguides:® This last application is very promising for gas are corrected by the spectral response of the detection sys-
detectiod and all-silicon optoelectronic integrated devi€es. tem, which is measured by imaging the filament without any

With these aims, the knowledge of the losses is crucialsample.
especially in the near infrare(NIR) range (0.8—1.6 um), Refractive indices were measured by fitting reflectance
where PS becomes relatively transparent. Many authors r&pectra of single layers in the 0.25—Juf range'* Rough-
port quantitative transmission measuremént$ performed  ness measurements were performed using a Tencor P-10 sur-
perpendicular to the surface of free-standing PS single layface profiler.
ers, but only in spectral ranges where losses are relatively We designed a waveguide allowing the propagation of a
high, due to the layer thicknesses that are typically limited toquasisymmetric single mode, denotedy BE TM,, for wave-
~100um. Photothermal deflection spectroscofDS,  lengths\ larger than 1.am. In order to do this, the guiding
based on the thermal gradient adjacent to an irradiatethyer was 1.5um thick, with a refractive indexng=1.77,
sample'® avoids this problem, but gives only the absorptionand the 3um cladding layer f.=1.67 at\ =1.3um) avoids
coefficient of the PS;** ignoring all other sources of losses. leakage in the high index bulk Si substrate. For shorter wave-
Benefitting from the long path inside a waveguide, someengths, a seconthsymmetri¢ mode exists, but it is easy to
authors have estimated the losses in as-formed®®8t ata  convince oneself that they cannot be coupled efficiently to
single wavelength. the symmetric external field. This point was confirmed ex-

In this letter, we report quantitative measurements of theperimentally, because we did not observe any interference
transmission in PS, performed in single mode waveguides, ifringes in our spectra. These are usually the consequence of
the continuous 0.8—1.@m range. Planar waveguides were the propagation of several modes, each one with its own
made by etching two successive layers with different porosiphase velocity, as we have already observed on multimode
ties. We used low dopef type (100 silicon substrate$4  samples.

Qcm), with a thickness of only 10um, to allow perfect Figure 1 shows experimental transmittance spectra per-
cleaved edges. The uppeéguiding layer and the lower formed for both polarizations, on samples of two distinct
(cladding layer were made using a HF;E8:CHsOH  |engthsL. The picture in the inset is a front view of the
(35:35:30 solution at room temperature, and current densihorizontal output edge of the waveguide. It shows two illu-
ties of 16.6 and 50 mA cii?, in order to obtain respective minated areas, because the central obscuration of the input
porosities of 65% and 58%. Cassegrain objective and the numerical aperture of the wave-

Our experimental setup was based on end-fire couplingguide do not allow an efficient coupling along the objective
Light from a straight tungsten filament was coupled into andaxis. The white rectangle represents the relative size of the
out of the sample using two Cassegrain reflecting microentrance slit of the monochromator, where only one area of
scope objectives X 25, numerical aperture0.4 and X 15, the output edge is imaged on. Since the transmitted light
numerical aperture0.28 in order to be perfectly achro- includes effects other than the propagation, like coupling ef-
matic. Using a beamsplitter, the output edge was imageiciency, it is not possible at this stage to plot absolute trans-

mittance.
Author to whom correspondence should be addressed; electronic mail: Accurate measurements of the absolute losses are de-
patrick.ferrand@uijf-grenoble.fr duced from the ratio of intensities transmitted by samples of
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FIG. 3. Comparison between measured losses and calculated possible
sources of losses: scattering on the bottom interface roughness or on Si
nanocrystallites.

L =3.0mm

0 . . : : : : : measurements follow the same decrease steadily with in-
0.8 1.0 1.2 1.4 1.6 creasing wavelengths, but the obtained values are typically 1
Wavelength (pym) order _of magnitude larger than the PS optical absorption,
especially for large wavelengths.
FIG. 1. Transmission spectra of PS waveguides of different lelngtor TE This clearly suggests other strong sources of loss. We

(top) and TM (bottom) polarizations. The inset is a front view of the hori- considered Ieakage to the bulk-Si substrate Scattering by the
zontal output edge, and the white rectangle represents the relative size of the f h by th d ’ f th
monochromator slit, whose lengh is adjusted to cover all the iIIuminated'm(?r ace rougnhness, or by the ran. omness o _t € .nanocrys—
area. tallites. Calculated losses are obtained by solving rigorously
the Maxwell equations in the whole structure by means of a

gife | h K hat the i f the illumi transfer matrix formalism for an incident plane wave coupled
ifferent lengths. Taking care that the image of the illumi-; . 4 o waveguide by a prism coupler, liken-line

hated area of the output edge is always shorter than the e@S(perimentsl.6 Losses have the same consequences as the
trance slit, the differences in intensity can only be attribUteqmaginary partx, of the guiding optical index. They can be
. : ) 9 .

to the @fference in path Iengthsl.‘ The”obtalneq values @'&valuated by monitoring the linewidth of the guided mode,
plotted in Fig. 2. We also report “pure” absorption coeffi- assuming that the propagation lossesare given by«
cient measurements, performed by Vincehtl. on p type =47k /N, as they are in a bulk material

9 il 015 g/ :
P.S’ and by lDan_f)t al.or:l Iowt;j(t))pefljp type kt’)u'k 5|I_|con. h Due to the finite thickness of the cladding layer, the
Vincent et al. attribute the sub-band gap absorption to t €leakage into the high index substrate occurs, especially for
probable presence of tail states, in volume or in surface. OUI[érge wavelengths. In our case, the waveguide has been de-

signed to minimize this kind of loss, and the largest value,
Energy (eV) calculated forn=1.6um in TM polarization, is only 8
14 12 1 0.8 x10 Zem .
N I . L . L The interface roughness, localized in the case tfpe
PS at the bottom of each PS lay&iis a well known source
of small angle scattering loss¥sBy etching only a single
layer of same thickness and porosity as the guiding one, and
then by dissolving it in NaOHO0.1 M), the root mean square
deviation to the planarity at this bottom interface has been
directly measured. We found=7.5nm. In our case, the
correlation length of the surface variation is long compared
] absorption to the wavelength! The Fresnel coefficients at this interface
T oo- R iy v is thus correcteld by the factor exp—8(man,cosf,/\)?],
] absorption whered, is the angle inside the guiding layer. Global calcu-
; . ; T T lations performed as described above give losses plotted ver-
0.8 1.0 1.2 1.4 1.6 sus wavelength on Fig. 3. These losses are relatively con-
Wavelength (pm) stant, near 0.3 ct, in our spectral range, because the direct

dependence with is compensated by the continuous varia-
FIG. 2. Spectral dependence of the absolute losses, deduced from the trar{ﬁ-)n of 0. with \
mission spectra of Fig. 1. Values obtained for both polarizations are per- .9 ’ .
fectly superposed. Optical absorptions of PS, measured by PDS, and of bulk Finally, the nanoporous structure of type PS gives
Si are also plotted. strong spatial fluctuations of the dielectric constant. The re-
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Energy (eV) However, the obtained values of a few chare prom-

14 12 1 0.8 ising for optoelectronic integrated devices in the NIR range.

 — ! ; ! In order to reduce these losses, many groups use oxidized
porous silicon, and they obtain losses as weak as 0.2%,cm
also in the visible rang but unfortunately the oxidation
does not preserve the large range of optical index in PS,
required by photonic structures. A promising way to reduce
the interface roughness is to perform the PS anodization at
. ™ low temperaturé?
. In conclusion, we have performed quantitative measure-
. ﬁ ment of transmission in the PS waveguide, in the continuous
0 . : : : : : : 0.8—1.6um range. The obtained losses have been compared
0.8 1.0 1.2 14 1.6 for several sources of loss, including absorption, leakage,
interface, and volume scattering. Theoretical calculations
give, to an order of magnitude, good agreement with mea-
FIG. 4. Scattered intensity measured near the transmitted beam in the guigUred values. Scattered light has also been detected close to
ing plane. the direct beam.
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tina Ravleiah ttering | ffici i th The authors wish to thank Dr. J. C. Vial for his contin-
sulting Rayleigh scattering loss coefficient in the case ued interest and helpful discussions.
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gions small compared to the wavelength, can been written

as®

3
L. T. Ccanham, Appl. Phys. Let67, 1046(1990.

/n' —
_ 2_2\2
@Rayleigh™ 3)\4((”9 Ng)“)ve, @ 2G. Vincent, Appl. Phys. Lett64, 2367(1994.
3V. Pellegrini, A. Tredicucci, C. Mazzoleni, and L. Pavesi, Phys. Rev. B
- 52, R14328(1995.
Where<(n§—n§)2> is the variance of the permitti\/ityé and 4G. Lerondel, R. Romestain, J. C. Vial, and M. “Hissen, Appl. Phys.
ve a correlation volume. The dielectric properties of Si et 71 196(1999. _ .
tallites are an open area of investigations, and theirA' toni, L. T. Canham, M. G. Berger, R. Arens-Fischer, H. idier, H.
nanocrys P g , Liith, H. F. Arrand, and T. M. Benson, Thin Solid Filr8g6, 143(1996.
descriptions need the use of complex mod@lsVe are sy Araki, H. Koyama, and N. Koshida, Appl. Phys. L8, 2999(1996.
aware that the crude model of Si spherical crystallites of 47H. F. Arrand, T. M. Benson, A. Loni, R. Arens-Fischer, M. G."i§eu, M.
nn?! of index 3.5, is outside the domain of validity of Eq. (Thonsl;sen' H. Luth, S. Kershaw, and N. N. Vorovoz, J. LumBo0, 119
; - 1999.
(Jg’ hom&evelr we plot[edhthe estimated losses on Fig. 3. The&H. F. Arrand, T. M. Benson, P. Sewell, A. Loni, R. J. Bozeat, R. Arens-
obtained values are in the Sam_e range as our measuremem%ischer, M. Kriger, M. Thonissen, and H.'tthi, IEEE J. Sel. Top. Quan-
In order to bear out experimentally the scattering pro- tum Electron.4, 975(1999.
cess, we also studied the outcoming light near the direcfG. Vincent, F. Leblanc, I. Sagnes, P. A. Badoz, and A. Halimaoui, , J.
output beam. We could measure detectable intensitjgs- Lumin. 57, 217(1993.

10
cally 2 orders of magnitude lowgronly very close to the iégg?lgggre”’ L. Tsybeskov, and P. M. Fauchet, Appl. Phys. Beit.

direct beam, and along the guiding plane. The results are| A Balagurov, D. Yarkin, E. A. Petrova, A. F. Orlov, and S. N. Karya-
plotted in Fig. 4. The integrating area is shown on the inset. gin, Appl. Phys. Lett69, 2852(1996.
Ignoring the three peaks in the 1.3—1un range, which 12D, Kovalev, G. Polisski, M. Ben-Chorin, J. Diener, and F. Koch, J. Appl.
might be attributed to a possible resonant scattering of somgPhys-80 5978(1996.
. . . :A. C. Boccara, D. Fournier, and J. Badoz, Appl. Phys. L8, 130
chemical species inside the PS, the spectral dependence i 980.
quite different from the one observed on the direct transmiti¢s setzy, P. Ferrand, and R. Romestain, Mater. Sci. En§9-50, 34
ted light. Light scattered in the 0.8—10m range suffers  (2000.
both strong absorption and strong scattering, and it cannot bi%E Eé#_b ang PL-”V_VnaeI, ngs. JFee&. Ltc_ett7:, 1|02POh(199L5)én4 po1 16
H . K. lien . (] n . J. ran . . .

meas!,lred. The evolution for larger Wavelengths.Sh.OWS deﬁG. Léror?dél, R. R;mﬁeztain, and Sé Bayrret?F\)J. Apgﬁ Plﬁ}js.’61712199?/).
creasing e_sz|C|ency for Ia_rger wavelengths, confirming theisp Tien, Appl. Opt.10, 2395(1977.
interpretation of a scattering process. 19H. G. Unger,Planar Optical Waveguides and Fibré€larendon, Oxford,

These measurements show that the propagation of light1977.
in PS waveguides is perturbed by several sources of Iossezé’a-g/;”a”’ C. Delerue, M. Lannoo, and E. Martin, Phys. Re\6B 11982
Two main type§ o.f processes contribute 1o losses: “pu.re”ﬂH. Minder, C. Andrzejak, M. G. Berger, U. Klemradt, H-thuH. Heino,
absorption, which is weak in the NIR range, and scattering, 4,4 m. Ligeon, Thin Solid Filmg21, 27 (1992.
which represents an important part of our measured [0SSEZT. M. Benson, H. F. Arrand, P. Sewell, D. Niemeyer, A. Loni, R. J.
Unfortunately, our measurements did not allow us to sepa- Bozeat, M. Kriger, R. Arens-Fischer, M. Thissen, and H. Lih, Mater.
rate the respective roles of volume and surface Scattering'23{&2}’,&69&7%5%22?% NL-a\r/:ergizc";”'A-- Egr'?;’:;\éﬁt‘;‘;‘r’;si"aévéro
Quantltatl_ve measurem_ent_s of S(_:attered povyer_are_ difficult; quin, T. M. I‘Ben.son, H. F.’ Ar.rand, and P éewell, I‘Ele;:tron. @..72.2
they require the determination of its angular distribution, par- (2009

ticularly in the radiated and guided modes. 23, Setzu, G. Lmndel, and R. Romestain, J. Appl. Ph@i4, 3129(1998.



