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Correlation between morphology and cathodoluminescence in porous GaP
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Porous layers fabricated by anodic etching ofn-GaP substrates in a sulfuric acid solution were
studied by electron microscopy and cathodoluminescence~CL! microanalysis. The morphology of
porous layers was found to depend strongly upon the anodization conditions. When the etching
process starts at the initial surface, ‘‘catacomb-like’’ pores and current-line oriented pores are
introduced at low and high anodic current densities, respectively. After the initial development of
either kind of pore, further anodization at the current density of about 1 mA/cm2 favors the
propagation of pores alonĝ111& crystallographic directions. The spatial and spectral distribution of
CL in bulk and porous samples is presented. A comparative analysis of the secondary electron and
panchromatic CL images evidenced a porosity induced increase in the emission efficiency. ©2001
American Institute of Physics.@DOI: 10.1063/1.1337922#
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I. INTRODUCTION

Recently, porosity has emerged as an effective tool
controlling the basic properties of semiconductor materi
Bulk Si, for instance, has an indirect band gap and there
the probability of band-to-band radiative transitions in t
material is low. At the same time nanoporous Si obtained
electrochemical dissolution of bulk material in HF-bas
electrolytes exhibits intense visible luminescence resultin
the development of electroluminescent structures
displays.1,2

Recently, anodic etching techniques have been succ
fully used for fabricating layers and free-standing me
branes of different III–V compounds.3–7 Compared with po-
rous Si, III–V materials have a number of importa
advantages related to the possibility of changing the che
cal composition and further extending the fields of appli
tions of porous structures using properties specific
acentricity.7 In particular, porous III–V compounds wer
found to exhibit Fro¨hlich-type surface-related vibrations wit
porosity-tuneable frequencies and efficient optical sec
harmonic generation.8–10 The enhanced nonlinear optical r
sponse and intense luminescence reported for porous II
compounds may enable the development of a fully integra
light source and frequency converter subsystem.

So far, most experiments investigating emission char
teristics of porous III–V materials have been restricted
photoluminescence~PL!. The PL of porous GaP, GaAs, an
InP at energies above the band gap of the bulk material

a!Electronic mail: Marion.Stevens-Kalceff@uts.edu.au
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been attributed to quantum size effects.4,9,11–13Furthermore,
a porosity-induced intensification of the near-band-ed
emission was observed in gallium phosphide.14 Nevertheless,
no correlation between luminescence properties and m
phology features of porous III–V material has been repor
yet. In this work, we study the morphology and cathodo
minescence~CL! characteristics of porous layers obtained
electrochemical dissolution ofn-GaP substrates in a
H2SO4-based electrolyte. We report drastic modification
both morphology and CL intensity, of porous gallium pho
phide layers with changing anodization conditions. The
sults of the CL microanalysis indicate the possibility of co
trolling the spatial distribution of emission in porous GaP

II. EXPERIMENTAL DETAILS

Wafers @~100!-oriented n-GaP] cut from Czochralski-
grown S-doped ingots were used in this work. The free el
tron concentration in the as-grown substrates was
31017cm23 at 300 K. The anodization was carried out in
double-room electrochemical cell. A four electrode config
ration was used: a Pt reference electrode in the electroly
Pt reference electrode on the sample, a Pt counter electr
and a Pt working electrode. The electrodes were connecte
a Keithley 236 Source Measure Unit.

The anodic etching was carried out in 0.5 M H2SO4

aqueous electrolyte in both the potentiostatical and galva
statical regimes. The electrolyte was pumped in a continu
mode through both rooms of the electrochemical cell w
the help of a peristaltic pump. The temperature was k
0 © 2001 American Institute of Physics

o AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html
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constant atT523 °C with the help of Julabo F25 thermosta
The area of the sample exposed to the electrolyte was
cm2.

The CL experiments were performed in a scanning e
tron microscope~SEM! equipped with Oxford Instrument
MonoCL2 cathodoluminescence imaging and spectral an
sis system, and cryogenic specimen stages. CL and S
images were taken from the same sample areas for com
son. The CL was excited with a continuous electron beam
normal incidence, and measured using a retractable para
mirror collector. CL spectra were collected over the wav
length range 250–900 nm using a Hamamatsu R943-02
sensitivity photomultiplier with a 1200 line/mm grating
blazed at 550 nm. The CL spectra were collected ove
range of beam energies (Eb515– 30 keV) and beam curren
(I b50.25– 100 nA) and from;7000mm2 regions to reduce
electron beam induced effects. The spectra were conve
from wavelength to energy space, and corrected for t
instrument response.

III. RESULTS AND DISCUSSION

SEM images presented in Figs. 1 and 2~a! show the de-
velopment of porous regions inn-GaP samples subjected
anodic etching under potentiostatic conditions for 10 and
min, respectively. In both cases a constant voltage of110 V
was applied to the sample. At the beginning of the proc
the etching starts at surface imperfections consistent w
earlier reports.3,6 After initial pitting of the surface, further
dissolution proceeds in directions both perpendicular
parallel to the surface. A pore starting at a surface imper
tion and growing along a current line or along a defin
crystallographic direction is called a primary pore. Po
originating at the surface of a primary pore and propaga
away from it are called secondary pores. The developmen
secondary pores occurs underneath the initial surface. As
can see from Fig. 1, the secondary pores inn-GaP propagate
radially away from the primary pore, forming a symmetr
set of catacombs. Since the etching proceeds at the same
in all directions, the boundary of the porous region, or,
other words, the porous domain, is circular.

FIG. 1. SEM micrograph of the top surface of a GaP sample anodic
etched for 10 min at a constant voltage of110 V.
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Following etching for an extended period, the second
pores from different domains eventually meet, leaving nea
straight walls between neighboring porous domains@Fig.
2~a!#. The thickness of these walls is defined by twice t
thickness of the surface depletion layer during anodizatio3

As can be seen in Fig. 2~a!, the lateral dimensions of porou
domains depend upon the local density of surface imper
tions ~e.g., dislocations! initiating the formation of primary
pores.

Figure 2~b! is a panchromatic CL image taken from th
same region of the as-anodizedn-GaP sample. It clearly
shows a porosity-induced increase of the emission efficie
of gallium phosphide. The light areas in the panchroma
CL image result from enhanced luminescence collected
wavelengths between 250 and 900 nm, with response m
mized at;550 nm~2.25 eV!. There is good correlation be
tween enhanced CL emission~lighter areas! in the panchro-
matic CL image and porous domains in the SEM image. T
walls between porous domains are less luminescent
therefore, are easily distinguished in Fig. 2~b! as dark lines.

To demonstrate the dependence of the emission
ciency upon the degree of porosity, a panchromatic CL
age was taken from a sample rendered porous under etc
conditions when the applied voltage was temporarily var
between 5 and 15 V. Modulation of the applied voltage

ly

FIG. 2. ~a! SEM and ~b! panchromatic. CL images taken from the to
surface of a GaP sample anodically etched for 120 min at a constant vo
of110 V. Beam energy is 15 keV, beam current is 0.025 nA.
o AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html
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accompanied by increases and decreases in the anodic
rent density that cause synchronous modulation of the de
of porosity.6 As one can see from Fig. 3, succession of vo
age increases and decreases during anodic etching lea
the observation of annular bright and dark traceries aro
most of the observed etch pits. Note that the dark area
Fig. 3 correspond to regions unaffected by anodization.

In Fig. 4, CL spectra from bulk and porous GaP fab
cated at a constant voltage of110 V are shown. The spectr
are dominated by a broadband at;1.5 eV and a lower in-
tensity band at;2.25 eV. It was found that increasing th
beam power~i.e., EbI b) increased the intensity of the emi
sion at 2.25 eV in absolute terms and relative to the;1.5 eV

FIG. 3. Panchromatic CL image taken from the top surface of a GaP sa
anodized under temporary variations of the applied voltage from15 to 115
V. Beam energy is 15 keV, beam current is 1 nA.

FIG. 4. CL spectra of bulk and porous GaP measured at accelerating vo
of 25 keV and current intensities 10 nA~triangles! and 50 nA~squares!.
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emission in both bulk and porous GaP. These two bro
emission bands may be attributed to sulfur and some resi
impurities including C, O, Zn, and Cd.15 The emission ob-
served at;2.25 eV has been investigated by a number
groups16–18 and associated with radiative recombination
sulfur and carbon atoms on phosphorous sites. Note t
according to the earlier published data on luminescen
deep level transient spectroscopy and optically detected m
netic resonance inn-GaP,19,20 the 1.5 eV band has bee
attributed to the radiative recombination of nonequilibriu
carriers via donor–acceptor pairs, the donor being a sha
center.

Further evidence of the impact of porosity upon the
minescence efficiency was obtained when studying sam
prepared under galvanostatic etching conditions at differ
anodic current densities. Figure 5 shows SEM and CL
ages in cross section taken from a sample subjected to
cessive anodization steps at two current densities:j 1

580 mA/cm2 for 60 min and j 251 mA/cm2 for 240 min.
Etching at high anodic current density leads to the format
of the so-called current-line oriented pores which are qu
uniformly distributed and grow inside the sample at nea
the same rate@Fig. 5~a!#. Under these conditions the hig
density of etching pits at the initial surface excludes the f

le

ge

FIG. 5. ~a! SEM and~b! panchromatic CL images in cross section tak
from a sample anodized galvanostatically at two current densitiesj 1

580 mA/cm2 for 60 min andj 251 mA/cm2 for 240 min.
o AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html
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mation of porous domains. When the current density
switched down to 1 mA/cm2, the rate of dissolution and th
degree of porosity sharply decreased. Somewhat sur
ingly, the pores in this case grow along specific crysta
graphic directions, namely along^111& directions~Fig. 6!.

In full agreement with the data obtained on potentiost
cally anodized samples, the higher the degree of porosity
higher the CL intensity. As one can see from Fig. 5~b!, the
top layer fabricated at the current densityj 1 is more lumi-
nescent in comparison with the second layer produced
current densityj 2 . Even nonuniformities in the thickness o
the top porous layer and small particles related to the cle
age process are clearly distinguished in the CL image.
CL spectra from both layers show luminescence in the n
infrared region with the band maximum at about;1.5 eV
when excited by a low-current electron beam~Fig. 7!. The
near-band-edge CL at;2.25 eV was observed at high bea
currents. Under intense excitation, however, the CL from
porous layers was considerably attenuated by the elec
beam. The CL attenuation with the time is illustrated
Fig. 8.

FIG. 6. SEM image in cross section taken from the porous layer produce
current densityj 251 mA/cm2 for 240 min ~see Fig. 5!.

FIG. 7. CL spectra of porous layers produced at current densitiesj 1

580 mA/cm2 ~curve 1! and j 251 mA/cm2 ~curve 2!. The beam energy is
15 keV, beam current is 0.025 nA.
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Degradation of luminescence in bulk GaP and Ga
based light emitting diodes under neutron irradiation, inte
laser excitation, etc., has been studied extensively for m
years.21–23Particle irradiation usually results in the introdu
tion of nonradiative recombination centers, attenuating
luminescence. However, for beam currents (I b) greater than
50 nA, the emission in the porous specimens is much m
susceptible to beam damage than in as-grown GaP.
therefore possible that the pronounced CL attenuation in
rous GaP is due to irradiation-stimulated out-diffusion of
diative centers. In porous layers possessing a high surf
to-volume ratio stimulated out-diffusion of impurities shou
obviously be much more significant than in bulk material

Ultraviolet luminescence from porous GaP has been
ported in the literature previously.9,11 Broad, very low inten-
sity emission at energies higher than 2.75 eV was occas
ally observed in our present porous samples~Fig. 8!. This
emission is sensitive to irradiation and is very rapidly atten
ated by it~see inset in Fig. 8!. Currently, there are two pos
sible reasons for the occurrence of UV emission. Accord
to the SEM analysis, the dimensions of the main structu
entities of the porous layers are of the order of 100 nm
higher, and therefore they cannot provide conditions
quantum confinement of free carriers. However, it is feasi
that the microporous skeleton may be covered by a thin
noporous film where the occurrence of quantum size effe
is possible. For example, in GaAs, electrochemical etch
processes have been shown to result in a wide distributio
porosity, varying from micrometer to nanometer ran
features.24 If this is the case in our present porous G
samples, then the relatively rapid attenuation of the U
emission under the action of the electron beam~see inset in
Fig. 8! can be attributed to local heating due to the reduc
thermal conductivity of the film. The second possible reas
for the observation of UV luminescence is the formation d
ing anodic etching of a thin oxide film covering the surfa
of pores.25 Electron beam induced dissociation/damage
the oxide would account for the attenuation of the emiss
during irradiation. Further studies are necessary to elucid
the origin of UV emission in porous gallium phosphide.

at
FIG. 8. The time evolution of CL attenuation. The inset shows the ti
dependence of the intensities of the near infrared~1.5 eV! band and UV
emission~integrated from 2.75 to 4.2 eV!. The beam energy is 25 keV
beam current is 50 nA.
o AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html
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The results obtained demonstrate the possibility of p
ducing porous layers with three different types of morph
ogy. The ‘‘catacomb-like’’ porosity is introduced unde
‘‘soft’’ anodic etching of the as-grown samples. In this ca
the etching starts at surface defects such as emergent d
cation loops and occurs at relatively low current densities
exceeding a few mA/cm2 under constant voltage within15
to 115 V. The symmetric distribution of secondary por
propagating radially away from the primary pore~Fig. 1!
seems to reflect the distribution of lattice strain around
dislocations.

The electrochemical dissolution at high current densi
is called ‘‘shock’’-type anodization. A high anodic current
supplied by a high applied voltage which, in its turn, pr
vides conditions for a large band bending. The holes ne
sary for material dissolution can then be generated by
neling of electrons at the surface from the valence band
the conduction band.3,26 The pores grow along the curren
lines and the crystallographic orientation of sample prove
have no influence upon the porous layer morphology. T
degree of porosity is entirely defined by the anodic curr
density and the substrate conductivity.

The switch from dissolution at high current density
anodization under soft conditions~e.g., at the current densit
of about 1 mA/cm2!, gives rise to a new type of morpholog
where the pores are oriented preferentially along crysta
graphic directionŝ111&, as can be seen in Fig. 6. This kin
of morphology can also be obtained at depth in porous lay
under etching conditions which result in formation
catacomb-like porosity in the vicinity of the initial surfac
We found that a decrease in anodic current density up
mA/cm2 after the porous domains meet favors further grow
of pores alonĝ111& crystallographic directions.

Let us consider the possible origin of the porosi
induced CL intensification inn-GaP. The CL emission from
the edges of topographical features may be enhanced rel
to that observed from a flat bulk specimen, due to geome
effects. Comparison of SEM and CL micrographs from p
rous regions of GaP show that the enhanced CL emis
spatially extends beyond the edges of the pores, and th
fore cannot wholly be attributed to geometric effects~for
example, see Fig. 2!. Observation of intense luminescenc
in spite of the high surface-to-volume ratio, implies that t
pore surfaces are passivated. Taking into account the c
position of the electrolyte, sulfur may be considered a
possible candidate forin situ passivation of the porous Ga
layers. Sulfur was recently identified as one of the most
portant surface passivators in III–V compounds.27 Further,
electrochemical dissolution ofn-type semiconductor materi
als is known to preferentially remove the dislocations a
other lattice imperfections3,28 which may play the role of
nonradiative recombination centers. Reduction in the den
of nonradiative recombination centers accompanied byin
situ surface passivation may explain qualitatively the o
served increase in CL intensity induced by porosity.

IV. CONCLUSION

Anodic current density has been found to be the m
parameter defining the morphology of porous layers p
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duced by electrochemical etching of~100!-orientedn-GaP
substrates in aqueous electrolyte of sulfuric acid. We h
established that, depending upon the etching conditions,
rous layers with three different types of morphology can
formed including catacomb-like, current-oriented, and cr
tallographically oriented pores. The growth of pores alo
the current lines takes place at high anodic current densi
At low anodic current densities, we observed a pronoun
anisotropy of anodic etching. When the anodization proc
is switched on, the dissolution starts at surface imperfecti
and further proceeds in directions both perpendicular
parallel to the initial surface. The topography of pores pro
gating in lateral directions seems to reflect the spatial dis
bution of lattice strain caused by the presence of imperf
tions. After the development of current-oriented
catacomb-like pores, it is possible to initiate the growth
pores alonĝ111& crystallographic directions just by decrea
ing anodic current density. The orientation of pores along
strain lines or along definite crystallographic directions
flects the anisotropy of etching that is manifested at l
anodic current densities.

In spite of the huge surface inherent to anodiz
samples, porosity was found to intensify the CL. Porous
mains of GaP were imaged using CL microanalytical te
niques. By changing anodic etching conditions, we achie
a synchronous spatial modulation of both degree of poro
and CL intensity. Under electron beam excitation at hi
current densities, an attenuation of the emission was
served in porous layers and attributed to the irradiati
stimulated out-diffusion of radiative centers.
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