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Tunable photonic strength in porous GaP
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The light-scattering properties of porous gallium phosphide, prepared by electrochemical etching,
are investigated. We show that the photonic strength of the porous semiconductor can be tuned from
weak to extremely strong. This tunability is related to the density and size of the pores, which are
controlled by the dopant density of the GaP crystals, and the etching potential. Moreover,
electrochemical etching does not introduce any significant optical absorption, which makes porous
GaP suitable for many photonic applications. 2002 American Institute of Physics.
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Photonic materials interact strongly with light as a result ~ The photonic strength is defined in terms of the transport
of a variation of the refractive index on length scales of the mean free path’, which is the average length required to
order of the optical wavelength. The field of photonic ma- randomize the direction of propagation of the light by scat-
terials has undergone a spectacular growdie to the wide tering. A small value of” corresponds to efficient scattering
range of applications that they have: efficient light-emittingor high photonic strength. The transport mean-free path is
diodes, low-threshold lasers, microcavities, waveguides, andiven by
fast optical switches. In addition, photonic systems exhibit
fascinating fundamental phenomena, such as inhibition of 1
spontaneous emission and light localization. [=—, D

Pore formation by means of electrochemical etching has
emerged as a very promising technique for tailoring the pho- . . )
tonic properties of semiconductors. Most electrochemicavherep is the density of scatterers antdis the transport
studies have focused on silicg8i) (Ref. 2 rather than on  Cross sectiofi.In our samples the pores are the scatterers, so
GaP. Si is transparent only for infrared radiation the density of scatterers is determined by the pore density.
>1.1 um. In contrast, gallium phosphid&ap is transpar- For a given ref'ractive-index constrast,dgpends to a large
ent for light in the yellow and red part of the visible spec- €xtent c;n the size of the scatterers_relatl\_/e to the Wavelen_gth
trum \>0.55 um. This absence of optical absorption, to- of light.” The Iargest_cross section is achleyed Wher_1 the size
gether with its very high refractive index € 3.3) 2 makes of the s_catterers, or in our case the pore dlam_eter, |s_close to
GaP a fascinating material for optical applications in the im-the optical wavelength, i.e., in the Mie-scattering reg_?me. _
portant wavelength range, 0.36n<\<1.1um, a range An n-type GaE electrode does not dissolve anodically in
where Si shows strong absorption. In spite of this advantagdh€ dark at potentials below 5 V. Valence band holes are
up until now, relatively little work has been performed on réquired for the dissolution reaction
porous GaP. Only recently, a first study of the photonic
strength of porous GaP was reporfestrong scattering of (GaP,+6h" —(GaP,_,+Ga(lll)+P(lll). 2
visible light without optical absorption was measured.

In this letter, we show that it is easy to tune the photonicigwever, when the anode potential is strongly positive, elec-

strength of porous GaP in a wide range by controlling theyons can tunnel from the valence to the conduction band, a
density and size of the pores. This tailoring can be aCh'eveBrocess known as breakdown. The holes generated in this

by using n—type GaP cryst_als with different dopant d(.ansitiesWay cause etching according to reacti@, and give rise to

and by varying the etching potential. Moreover, since noy porous structur Etching does not proceed preferentially
optical absorption could be detected in any of the samplegong crystallographic orientations, and a highly isotropic
porous GaP is suitable for photonic applications in the V|S|bleporous structure is formed. From the autocorrelate of

spectrum: these include diffuse reflectors, Bragg reﬂeCtOrsscanning—electron—microscoijEM) images, it can be con-

and random lasers. cluded that the porous structure is statistically homogeneous
and that it does not present short-range ofdnove a po-
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Office Box 217, 7500 AE Enschede, The Netherlands. due to the formation of an oxide lay&l ., constitutes the
YAuthor to whom correspondence should be addressed; electronic mail_:jpper limit for the etching potential

a.lagendijk@tn.utwente.nl

“Present address: MESA Research Institute, University of Twente, Post In our_experiments, the starting materia_|5 were commer-
Office Box 217, 7500 AE Enschede, The Netherlands. cially available n-type GaP wafers(100 oriented, doped
0003-6951/2002/80(24)/4498/3/$19.00 4498 © 2002 American Institute of Physics

Downloaded 14 Jul 2002 to 130.89.243.250. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



Appl. Phys. Lett., Vol. 80, No. 24, 17 June 2002

with sulfur to different donor densitiedN=4-6,6,7 and

Gomez Rivas et al.

TABLE I. Porosity ¢, average pore diametdr interpore distanc, and transport mean-free pathof porous
GaP of dopant densit}, etched at a potentidl. V., is the maximum potential at which electrochemical

etching is possible.

N (10" cm™?) vV (V) & (%) d (um) X () 7 (pm)
4-6 16.6=Vinax 67 0.19-0.04 0.15-0.03 0.22:0.02
6 12.7=Vinax 62 0.12+0.03 0.16-0.03 0.46-0.04
7 11.2=Vina 62 0.09:0.03 0.08-0.03 0.8:0.03
10-20 7.8 Ve 93 <0.06 <0.06 1.10.1
4-6 15 40 0.168:0.03 0.15-0.04 0.43-0.03
10-20 7.4 65 <0.06 <0.06 1.24-0.1

in an aqueous 0.5 M $$0, solution®

4499

The EBS measurements were performed using the off-
10—20x 10" cm™2.2% The electrochemical etching was done centered rotation technigtiewith a He:Ne laser as light
source { =633 nm). The optical absorption in porous GaP

From Table I, we observe th#t, . increases as the dop- was investigated with detailed measurements of the top of
ant density decreases. As for anodically etchet! 8ie pore  the EBS cones. Optical absorption and the finite thickness of
diameter, interpore distance, and porosity of GaP depend ahe samples cause a rounding of the cth@ur thickest
the dopant density and on the applied potential. The porositgample has a thickness af=203 um. The corresponding
can be calculated from the charge passed during etching ar@ne rounding for such a sample thickness in the absence of
the porous-layer thickness. The pore diameter and interporgbsorption is predicted to h&#¢=1.0 mrad. The top of the
distance can be estimated from high-magnification SEM imcone of this sample is plotted in the inset of Fig. 1. The
ages. In Table I, we list the porosity, pore diameted, and  rounding isA 6=0.9+0.2 mrad, in good agreement with the
interpore distancX of samples with different dopant density value expected for a nonabsorbing sample given our experi-
etched alVp,,«. We also present results for GaP etche?/at mental accuracy. We conclude that)at 633 nm, the ab-
<Vpax- As can be concluded from the Table I, anodic etCh'sorption length of porous GaP,=200 um, which means
ing at V<V, produces a structure with smaller pores andhat there is virtually no optical absorption in electrochemi-
lower porosity. Therefore, the pore diameter and the porgg|ly etched GaP.
density can be controlled in a wide range by tuning the ap-  The EBS results of porous GaP samples with different
plied potential. dopant densities are plotted in Fig. 1. The samples were pre-

To characterize the photonic strength of the samples, Wgared with the same porosityp=65%. For the N
have obtained the transport mean-free path from enhanced,_g g 7 1017 cm™3 samples, the etching potential was
backscattering EBS) measurements. EBS refers to an in-y, _ The sample witiN=10-20x 107 cm™° was etched
crease of the reflected intensity from a disordered multiplez; 7.4, i.e., KV, Although the porosity of these samples
scattering sample at exactly the backscattering direcfion. i similar, the average pore size and interpore distance are
This increase is due to interference of waves propagatingiglger for lowerN (see Table | and inset of Fig).2As is

along time-reversed optical paths. The EBS yields a cone iQiear from Fig. 1, the EBS cone is wider for lowr indi-
the plot of the backscattered intensity versus the scatteringating stronger scattering or shortér

angle. The full width at half maximurw/ of the EBS cone is
directly related to the transport mean free pédthFor a non-
absorbing and semi-infinite sample, this relation A4S
=0.7\(1-R)/27W,® where R is the angular and
polarization-averaged internal reflection at the sampl

To obtain/" from the EBS measurements, the internal
reflection at the boundariR needs to be knowrRR can be
calculated from the effective refractive index, of the
samplet* From angular-resolved transmission measure-
“nents!” we find n, in the range 1.35-1.55 for all the

4
boundary. samples with a porosity of 65%. With,=1.45, an internal
reflection coefficientR of 0.5 is calculated. The transport
1.8 mean-free paths are obtained from the fits of diffusion
w6
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FIG. 1. Enhanced backscattering measurements of porous GaP with differ- 0 5 10 15 20

ent dopant densitiedl=10-20 (1), 6 (¢), 4—6 (O) X107 cm™3. All
samples have a porosity ef65%. The solid lines on top of the measure-
ments are fits using diffusion theory. Inset: Detailed measurement of the tofIG. 2. Transport mean free pathof porous GaP samples with a porosity

of the EBS cone of a sample with a thickndss 203 um. Ad represents  of =65% as function of the dopant density. Inset: average pore size of the

the rounding of the cone due to the finite thickness. same samples. The solid lines are guides for the eye.
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theory® to the EBS measurements, shown as solid lines itre made from low-doped GaPNE4—6x 10" cm™9)

Fig. 1, takingR=0.5 and considering the finite thickness of etched at the maximum possible potential. These samples are
the samples. In Fig. 27 is plotted versus the dopant density. the strongest-scattering media of visible light.
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