
Electroluminescence as internal light source for measurement
of the photonic strength of random porous GaP

A. F. van Driel,a) D. Vanmaekelbergh, and J. J. Kelly
Debye Institute, Utrecht University, P.O. Box 80 000, 3508 TA Utrecht, The Netherlands

~Received 26 January 2004; accepted 22 March 2004; published online 29 April 2004!

During porous etching of GaP, electroluminescence ranging from the ultraviolet to the near-infrared
is generated at the interface of the porous and the nonporous layer. This is used to measure the
wavelength-dependent transmission of light through porous layers in a wide thickness range. Two
types of porous structures, characterized by different pore sizes, were studied. The transmission of
the emitted light gives valuable information about wavelength-dependent diffusion of light through
porous GaP. ©2004 American Institute of Physics.@DOI: 10.1063/1.1748839#

Severaln-type III–V semiconductors can be made po-
rous by anodic etching.1–7 Porous InP, GaAs, and GaP are
particularly interesting because they have a considerable
band gap and a large refractive index. These materials are
therefore important for photonic applications. The structure
of the porous layer depends on the etching conditions and the
type of semiconductor used. The pores in InP can be either
crystallographically oriented or oriented in the direction of
the current, depending on the current density.4 Porous GaP
with a random interconnected structure has been studied ex-
tensively. Porous multilayers in GaP, with alternating poros-
ity, can be formed by etching with alternating potential.8 In
several recent articles diffusive light transport in porous GaP
has been considered. Optimization of the etching process of
GaP has yielded the strongest random-scattering material for
visible light reported to date.9 The onset of Anderson
localization10 and anisotropic diffusion11 of visible light have
been observed.

Recently, it was shown that during etching of GaP hot-
carrier luminescence is generated at the interface between the
porous and the nonporous material.12 A broad spectrum, in-
cluding a supra-band-gap contribution, was observed. The
luminescence was attributed to recombination of electron-
hole pairs, which were generated by interband tunneling and
~subsequent! impact ionization. This internal light source
moves with the porous/nonporous interface as the porous
layer thickens. Thus, the transmission of the emitted light
through porous GaP can be measuredin situ as a function of
the layer thickness. In this letter we consider electrolumines-
cence~EL! spectra from which transmission spectra are de-
duced. The intensity of the emission at various wavelengths
is shown as a function of the thickness of the porous layer.
The wavelength-dependent scattering properties of the po-
rous layer are described and are related to the structure of the
porous layer.

For the experiments 300mm thick n-type GaP wafers,
supplied by Groupe Arnaud Electronics and Hewlett
Packard, with a~100! surface orientation and a~sulphur!
doping density of 10– 2031017 cm23 ~sample A! and
731017 cm23 ~sample B! were used. Pieces of;636 mm

were cut and glued on a copper plate with a conductive ad-
hesive paste. A circular area of 0.13 cm2 was exposed to the
electrolyte by means of a Teflon sticker. Experiments were
performed with the GaP working electrode in a three-
electrode setup, with a platinum counter electrode and a satu-
rated calomel electrode~SCE! as reference. All experiments
were performed in the dark, at room temperature in an aque-
ous 0.5-M-H2SO4 solution. The potential of the GaP work-
ing electrode was controlled by an EG&G PAR 273A poten-
tiostat, which was programmed by a computer with
homemade software. Luminescence spectra were recorded
with a Princeton Instruments CCD camera~liquid-nitrogen
cooled, 10243256 pixels! in combination with an Acton Pro
monochromator~150 lines/mm, blazed at 500 nm!. An
Alpha-Step 500 Surface Profiler was used to measure the
thickness and the uniformity of the porous layer. The poros-
ity f was determined from the charge passed during etching,
as described in Ref. 8.

Sample A was etched at 6 V. The porosity was 33%.
Sample B was etched at 13.5 V and had a porosity of 44%.
Previous studies showed that etching starts at defect sites at
the surface.3,8 The current density increased initially and be-
came constant after going through a maximum.8 When the
current reached its constant level the porous layer had a
thickness of;2 mm. From then on the thickness of the po-
rous layer increased at a constant rate of 0.47 and 0.62mm/
min for samples A and B, respectively. At the end of these
experiments the porous layers had a uniform thickness of 80
mm. During etching, an EL spectrum was recorded every
minute. Figure 1 shows the EL spectra recorded when the
porous layer of sample A had a thickness of 4, 10, and 75
mm. During etching the applied potential is fixed and the
current density remains constant at 8 mA/cm2. These condi-
tions determine the EL intensity at the porous/nonporous
interface.12 It is therefore assumed that changes in the EL
spectra, as seen in Fig. 1, are due to light scattering and
absorption which increase as the porous layer grows in thick-
ness. We will return to this point later. It is clear that emis-
sion with an energy larger than the band-gap energy~l,550
nm! rapidly vanishes upon increasing thickness of the porous
layer. The decrease of the intensity in the sub-band-gap range
is much slower and depends strongly on the wavelength of
the emission.
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It is possible that emitted light reaches the detector after
reflection on the backside of the GaP wafer. The pathlength
in the substrate layer, where no scattering occurs, is at least
440 mm. Emission at a wavelength shorter than 545 nm is
absorbed in the substrate layer while emission at 590 nm or
longer wavelength is not affected by the thickness of the
substrate layer.13 Obviously, in both cases~l,545 nm and
l.590 nm! the actual thickness of the substrate layer is not
relevant. Thus, in the two regions the only relevant param-
eter that changes during the etching is the thickness of the
porous layer.

A transmission spectrum of the porous layer can be ob-
tained as a function of the thickness by dividing the emitted
intensity by a reference intensity. Figure 2 shows transmis-
sion spectra for 80mm thick porous layers, together with
SEM images~1 mm31 mm!, for sample A~a! and sample B
~b!. The pores have a diameter of 51611 and 103621 nm in
sample A and sample B, respectively. The two wavelength
regions discussed above~l,545 nm andl.590 nm! can
clearly be distinguished. At wavelengths shorter than 545 nm
the transmission is very low because of strong absorption in
the porous layer. In the sub-band-gap region the transmission
increases with wavelength because of the decreasing size pa-

rameter~which is proportional to the ratio of the pore radius
to the wavelength!. The transmission of sample B is smaller
than that of sample A because the size parameter of sample B
is larger, i.e., the size of the pores is larger.

For l,545 nm both absorption and scattering in the po-
rous layer determine the decrease of the luminescence inten-
sity with thickness. Consequently, an exponential relation be-
tween the transmitted intensity and the thickness of the
porous layer is expected:14
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whereTd is the diffusive transmission,L the thickness of the
porous layer,La the diffusive absorption length,l is the
transport mean free path,l a the absorption length, andC
accounts for the reflectivity of the boundaries of the porous
layer. Figure 3~a! shows the logarithm of the intensity of the
EL versus the thickness of the porous layer. To deducel , the
absorption length (l a) should be known. The absorption
length in bulk GaP is well documented.13 The absorption
length in porous GaP can be calculated if is assumed that the
distance travelled between two scattering events in water is
( l 3f) and in GaP isl 3(12f). In our case, the typical size
of the pores is much smaller than the scattering length. Thus,
the absorption length in porous GaP can be estimated by
dividing the absorption length in bulk GaP by~12f!. In this
way, a transport mean free path of 11 and 4.7mm was found
at 545 nm for samples A and B, respectively.

If the absorption length is much larger than the thickness
of the porous layer, the diffusive transmission is given by the
following equation:15,16

1
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where l is the transport mean free path, andC1 and C2

contain information on the reflectivity of the boundaries. Fig-
ure 3~b! shows the inverse of the emitted EL intensity versus

FIG. 1. EL spectra of sample A with a porous layer thickness of 4, 10, and
75 mm.

FIG. 2. Transmission spectra of 80mm thick porous GaP layers of~a!
sample A and~b! sample B. In the insets SEM pictures~1 mm31 mm! of the
two samples are shown.

FIG. 3. EL intensity for sample A at various wavelengths with~a! an energy
above the band gap and~b! an energy below the band gap as a function of
the porous layer thickness:~a! and ~b! have the samex axis.
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the thickness of the porous layer. Straight lines are observed,
which means that EL is generated at the interface of the
porous and the nonporous layer, the porous layer has a uni-
form structure and that light is scattered in the porous layer
without being absorbed. It should be noted that, on occasion,
a deviation from straight lines was observed under constant
current conditions; this is attributed to an inhomogeneous
structure of the porous layer. The inverse of the slopes of
Fig. 3~b! is plotted versus the wavelength in Fig. 4.

In the supra-band-gap range scattering is stronger than in
the sub-band-gap range. A larger refractive index~3.7 at 475
nm and 3.2 at 800 nm13! and a larger size parameter cause
this difference. The difference between samples A and B is
ascribed to different pore sizes; larger pores~sample B! scat-
ter light more strongly. Furthermore, it is clear that the size
parameter of sample A at wavelengths longer than 590 nm is
considerably smaller 1. This is the regime of Rayleigh scat-
tering in which the transport mean free path scales withl,4

as shown in the inset of Fig. 4. The wavelength dependence
observed in Fig. 4 cannot be explained by the wavelength
dependence of the refractive index of water, which shows a
change of less than 1% on going from 450 to 900 nm.17

Enhanced backscattering~EBS! measurements on these
samples showed that the transport mean free paths are in the
micron regime and that sample B scatters light more strongly

than sample A. This is in agreement with results obtained
here. Formally, the inverse of the slope as plotted in Fig. 4
also contains information on the reflectivity of the boundary
of the porous layer. Since the values found with EBS are
close to the values found here, it is assumed thatl is larger
thanC1 and that the inverse slope is mainly determined by
the transport mean free path.

In conclusion we show a nondestructive and simple
method to characterizein situ the optical properties of porous
GaP. Measuring the intensity as a function of thickness of the
porous layer gives valuable information about the structure
of the porous layer, the reproducibility of the etching experi-
ment and the scattering properties of the porous layer.

The authors would like to thank B. P. J. Bret for per-
forming EBS measurements and support from the Council of
Chemical Sciences~CW! with financial aid from the Nether-
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FIG. 4. Transport mean-free-path as a function of wavelength for~a! sample
A and~b! sample B. In the inset the transport mean free path is plotted vsl4

for sample A.
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