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Tunable photonic strength in porous GaP
J. Gómez Rivasa) and A. Lagendijka),b)

Van der Waals-Zeeman Instituut, Universiteit van Amsterdam, Valckenierstraat 65,
1018 XE Amsterdam, The Netherlands
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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 res
of a variation of the refractive indexn on length scales of the
order of the optical wavelengthl. The field of photonic ma-
terials has undergone a spectacular growth1 due to the wide
range of applications that they have: efficient light-emitti
diodes, low-threshold lasers, microcavities, waveguides,
fast optical switches. In addition, photonic systems exh
fascinating fundamental phenomena, such as inhibition
spontaneous emission and light localization.

Pore formation by means of electrochemical etching
emerged as a very promising technique for tailoring the p
tonic properties of semiconductors. Most electrochem
studies have focused on silicon~Si! ~Ref. 2! rather than on
GaP. Si is transparent only for infrared radiationl
.1.1 mm. In contrast, gallium phosphide~GaP! is transpar-
ent for light in the yellow and red part of the visible spe
trum l.0.55mm. This absence of optical absorption, t
gether with its very high refractive index (n53.3),3 makes
GaP a fascinating material for optical applications in the i
portant wavelength range, 0.55mm,l,1.1 mm, a range
where Si shows strong absorption. In spite of this advanta
up until now, relatively little work has been performed o
porous GaP.4 Only recently, a first study of the photoni
strength of porous GaP was reported:5 strong scattering of
visible light without optical absorption was measured.

In this letter, we show that it is easy to tune the photo
strength of porous GaP in a wide range by controlling
density and size of the pores. This tailoring can be achie
by usingn-type GaP crystals with different dopant densiti
and by varying the etching potential. Moreover, since
optical absorption could be detected in any of the samp
porous GaP is suitable for photonic applications in the visi
spectrum: these include diffuse reflectors, Bragg reflect
and random lasers.
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The photonic strength is defined in terms of the transp
mean free pathl , which is the average length required
randomize the direction of propagation of the light by sc
tering. A small value ofl corresponds to efficient scatterin
or high photonic strength. The transport mean-free path
given by

l 5
1

rs
, ~1!

where r is the density of scatterers ands is the transport
cross section.6 In our samples the pores are the scatterers
the density of scatterers is determined by the pore den
For a given refractive-index constrast,s depends to a large
extent on the size of the scatterers relative to the wavelen
of light.7 The largest cross section is achieved when the s
of the scatterers, or in our case the pore diameter, is clos
the optical wavelength, i.e., in the Mie-scattering regime.7

An n-type GaP electrode does not dissolve anodically
the dark at potentials below;5 V. Valence band holes ar
required for the dissolution reaction

~GaP!n16h1→~GaP!n211Ga~ III !1P~ III !. ~2!

However, when the anode potential is strongly positive, el
trons can tunnel from the valence to the conduction ban
process known as breakdown. The holes generated in
way cause etching according to reaction~2!, and give rise to
a porous structure.8 Etching does not proceed preferential
along crystallographic orientations, and a highly isotrop
porous structure is formed. From the autocorrelate
scanning-electron-microscope~SEM! images, it can be con
cluded that the porous structure is statistically homogene
and that it does not present short-range order.5 Above a po-
tential denoted asVmax, the electrode becomes passivat
due to the formation of an oxide layer.9 Vmax constitutes the
upper limit for the etching potential.

In our experiments, the starting materials were comm
cially available n-type GaP wafers,~100! oriented, doped

st

il:
8 © 2002 American Institute of Physics
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TABLE I. Porosityf, average pore diameterd, interpore distanceX, and transport mean-free pathl of porous
GaP of dopant densityN, etched at a potentialV. Vmax is the maximum potential at which electrochemic
etching is possible.

N (1017 cm23) V ~V! f ~%! d ~mm! X ~mm! l ~mm!

4–6 16.65Vmax 67 0.1960.04 0.1560.03 0.2260.02
6 12.75Vmax 62 0.1260.03 0.1060.03 0.4660.04
7 11.25Vmax 62 0.0960.03 0.0860.03 0.860.03

10–20 7.85Vmax 93 ,0.06 ,0.06 1.160.1
4–6 15 40 0.1060.03 0.1560.04 0.4360.03

10–20 7.4 65 ,0.06 ,0.06 1.2460.1
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with sulfur to different donor densities,N54 – 6,6,7 and
10– 2031017 cm23.10 The electrochemical etching was don
in an aqueous 0.5 M H2SO4 solution.9

From Table I, we observe thatVmax increases as the dop
ant density decreases. As for anodically etched Si,11 the pore
diameter, interpore distance, and porosity of GaP depen
the dopant density and on the applied potential. The poro
can be calculated from the charge passed during etching
the porous-layer thickness. The pore diameter and interp
distance can be estimated from high-magnification SEM
ages. In Table I, we list the porosityf, pore diameterd, and
interpore distanceX of samples with different dopant densi
etched atVmax. We also present results for GaP etched aV
,Vmax. As can be concluded from the Table I, anodic etc
ing at V,Vmax produces a structure with smaller pores a
lower porosity. Therefore, the pore diameter and the p
density can be controlled in a wide range by tuning the
plied potential.

To characterize the photonic strength of the samples,
have obtained the transport mean-free path from enhan
backscattering~EBS! measurements. EBS refers to an i
crease of the reflected intensity from a disordered multip
scattering sample at exactly the backscattering directio12

This increase is due to interference of waves propaga
along time-reversed optical paths. The EBS yields a con
the plot of the backscattered intensity versus the scatte
angle. The full width at half maximumW of the EBS cone is
directly related to the transport mean free pathl . For a non-
absorbing and semi-infinite sample, this relation isl

.0.7l(12R̄)/2pW,13 where R̄ is the angular and
polarization-averaged internal reflection at the sam
boundary.14

FIG. 1. Enhanced backscattering measurements of porous GaP with d
ent dopant densitiesN510– 20 ~h!, 6 ~L!, 4–6 ~s! 31017 cm23. All
samples have a porosity of.65%. The solid lines on top of the measur
ments are fits using diffusion theory. Inset: Detailed measurement of the
of the EBS cone of a sample with a thicknessL5203 mm. Du represents
the rounding of the cone due to the finite thickness.
l 2002 to 130.89.243.250. Redistribution subject to A
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The EBS measurements were performed using the
centered rotation technique15 with a He:Ne laser as ligh
source (l5633 nm). The optical absorption in porous Ga
was investigated with detailed measurements of the top
the EBS cones. Optical absorption and the finite thicknes
the samples cause a rounding of the cone.16 Our thickest
sample has a thickness ofL5203 mm. The corresponding
cone rounding for such a sample thickness in the absenc
absorption is predicted to beDu51.0 mrad. The top of the
cone of this sample is plotted in the inset of Fig. 1. T
rounding isDu50.960.2 mrad, in good agreement with th
value expected for a nonabsorbing sample given our exp
mental accuracy. We conclude that atl5633 nm, the ab-
sorption length of porous GaPLa>200 mm, which means
that there is virtually no optical absorption in electrochem
cally etched GaP.

The EBS results of porous GaP samples with differ
dopant densities are plotted in Fig. 1. The samples were
pared with the same porosityf.65%. For the N
54 – 6,6,731017 cm23 samples, the etching potential wa
Vmax. The sample withN510– 2031017 cm23 was etched
at 7.4, i.e., V,Vmax. Although the porosity of these sample
is similar, the average pore size and interpore distance
bigger for lowerN ~see Table I and inset of Fig. 2!. As is
clear from Fig. 1, the EBS cone is wider for lowerN, indi-
cating stronger scattering or shorterl .

To obtain l from the EBS measurements, the intern
reflection at the boundaryR̄ needs to be known.R̄ can be
calculated from the effective refractive indexne of the
sample.14 From angular-resolved transmission measu
ments,17 we find ne in the range 1.35–1.55 for all th
samples with a porosity of 65%. Withne51.45, an internal
reflection coefficientR̄ of 0.5 is calculated. The transpo
mean-free paths are obtained from the fits of diffusi

er-

opFIG. 2. Transport mean free pathl of porous GaP samples with a porosit
of .65% as function of the dopant density. Inset: average pore size o
same samples. The solid lines are guides for the eye.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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theory13 to the EBS measurements, shown as solid lines
Fig. 1, takingR̄50.5 and considering the finite thickness
the samples. In Fig. 2,l is plotted versus the dopant densit
A quantitative description of this dependence ofl with N is
difficult. Theories for strongly scattering media are on
valid in systems formed by spherical or cylindric
scatterers.18 The irregular shape of the pores and the com
cated porous structure hampers this description. Howeve
qualitative description based on Eq.~1! is possible. The de-
crease of the transport mean-free path, by more than a fa
of 5 for the lowest doped GaP with respect to the high
doped sample, is due to the increase of the pore diameter
bigger the pore diameter becomes, the larger is the trans
cross section.7 For the sample withN54 – 631017 cm23,
we find l 50.2260.02mm. This is the strongest scatterin
medium of visible light found to date.

The relatively short transport mean-free path of t
highly doped GaP sample (l 51.2460.07mm) can be un-
derstood in terms of the large density of scatterers. The c
sections is expected to be very low, due to the small po
size (d,0.06mm), but the small pore separation leads to
high densityr, which is responsible for a short mean-fre
path.

The optical and scattering properties of porous GaP o
the way to various photonic applications. Strongly scatter
porous layers are virtually perfect diffuse reflectors. A 2
mm thick layer of low-doped GaP etched atVmax has a dif-
fuse reflection larger than 99%. Moreover, the reflection
be easily regulated by controlling the photonic stren
and/or the layer thickness. By introducing into the GaP
rous structure an emission source, such as quantum do
an organic dye, strongly scattering random lasers are
sible. Multilayers of low porosity GaP are easy to mak9

Such multilayers could be used as efficient one-dimensio
photonic crystals or Bragg reflectors. Besides photonic ap
cations, porous GaP can be used for micromechanical
vices and sieves for biomolecules in micro total analysis s
tems.

We have shown that anodic etching ofn-type GaP pro-
duces a random porous structure that strongly scatters l
without introducing any measurable optical absorption. T
photonic strength of porous GaP can be tuned in a w
range, since the pore size~cross section of the scatterers! and
distance between pores~density of scatterers! depend
strongly on the dopant density and on the potential app
during the etching. This capability to tune the photon
strength opens the possibility of multiple applications. T
strongest-scattering samples~l 50.22mm at l5633 nm!
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are made from low-doped GaP (N54 – 631017 cm23)
etched at the maximum possible potential. These samples
the strongest-scattering media of visible light.
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