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Correlation between morphology and cathodoluminescence in porous GaP
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Porous layers fabricated by anodic etchingnefzaP substrates in a sulfuric acid solution were
studied by electron microscopy and cathodoluminesc€@te 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 nfAferors the
propagation of pores alorid11) 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 efficier2901©
American Institute of Physics[DOI: 10.1063/1.1337942

I. INTRODUCTION been attributed to quantum size effet?s!~**Furthermore,

R " i h q ttective tool f a porosity-induced intensification of the near-band-edge
ecently, porosity has emerged as an eflective 1001 10}, isqiqn was observed in gallium phosphifidlevertheless,
controlling the basic properties of semiconductor materials

Bulk Si. for inst h indirect band d theref ho correlation between luminescence properties and mor-
Uik 1, Tor Instance, has an indirect band gap and there c’rBhology features of porous IlI-V material has been reported
the probability of band-to-band radiative transitions in the

terial is | At th i Si obtained b et. In this work, we study the morphology and cathodolu-
material 1S fow. Al IN€ same time nanoporous St obtaine inescencéCL) characteristics of porous layers obtained by
electrochemical dissolution of bulk material in HF-based

lectrolvt hibits int isible lumi i “electrochemical dissolution oh-GaP substrates in an

ehec rolytes exnibits intense visible iuminescence resuiting ”?—|2504-based electrolyte. We report drastic modification in
t_e de\{ezlopment of electroluminescent structures an oth morphology and CL intensity, of porous gallium phos-
displays- ghide layers with changing anodization conditions. The re-

full Recegtl%/, a][lobd|_c (athhlr}g techmqgefs hav::‘ bggn SUCCESSilts of the CL microanalysis indicate the possibility of con-
ully used Tor fabricating fayers a[‘7 ree-stancing mem'trolling the spatial distribution of emission in porous GaP.
branes of different I1l-V compounds’ Compared with po-

rous Si, llI-V materials have a number of important
advantages related to the possibility of changing the chemi-
cal composition and further extending the fields of applica-”' EXPERIMENTAL DETAILS

tions of porous structures using properties specific 0 \yafers [(100-oriented n-GaP] cut from Czochralski-

acentricity’ In particular, porous Ill-V compounds were grown S-doped ingots were used in this work. The free elec-
found to exhibit Fralich-type surface-related vibrations with ., concentration in the as-grown substrates was 5

porosity-tuneable frequencies and efficient optical second, 147 m=3 at 300 K. The anodization was carried out in a

- . 8-10 - : :
harmonic generatiofr."® The enhanced nonlinear optical re- yo,ple-room electrochemical cell. A four electrode configu-
sponse and intense luminescence reported for porous ll-Vaiion was used: a Pt reference electrode in the electrolyte, a
compounds may enable the development of a fully integrategh yeterence electrode on the sample, a Pt counter electrode
light source and frequency converter subsystem. and a Pt working electrode. The electrodes were connected to

So far, most experiments investigating emission characy Keithley 236 Source Measure Unit.

teristics of porous IlI-V materials have been restricted 0  The anodic etching was carried out in 0.5 MSO,
photoluminescencePL). The PL of porous GaP, GaAs, and 54,e0us electrolyte in both the potentiostatical and galvano-
InP at energies above the band gap of the bulk material hagayical regimes. The electrolyte was pumped in a continuous
mode through both rooms of the electrochemical cell with
dElectronic mail: Marion.Stevens-Kalceff@uts.edu.au the help of a peristaltic pump. The temperature was kept
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FIG. 1. SEM micrograph of the top surface of a GaP sample anodically
etched for 10 min at a constant voltage-610 V.

constant af = 23 °C with the help of Julabo F25 thermostat.
The area of the sample exposed to the electrolyte was 0.12
cn?.

The CL experiments were performed in a scanning elec-
tron microscopeSEM) equipped with Oxford Instruments
MonoCL2 cathodoluminescence imaging and spectral analy-
sis system, and cryogenic specimen stages. CL and SEM
images were taken from the same sample areas for compari-
son. The CL was excited with a continuous electron beam at =
normal incidence, and measured using a retractable parabolic |
mirror collector. CL spectra were collected over the wave-
length range 250—900 nm using a Hamamatsu R943-02 high
sensitivity photomultiplier with a 1200 line/mm grating, 'C: 2. (@ SEM and(b) panchromatic. CL images taken from the top

surface of a GaP sample anodically etched for 120 min at a constant voltage
blazed at 550 nm. The CL spectra were collected over ;.19 v. geam energy is 15 keV, beam current is 0.025 nA.
range of beam energiek{=15—30 keV) and beam currents
(1,=0.25—-100nA) and from-7000 um? regions to reduce
electron beam induced effects. The spectra were converted Following etching for an extended period, the secondary
from Wave|ength to energy space, and corrected for totapores from different domains eventually meet, Ieaving nearly

instrument response. straight walls between neighboring porous domdiRgy.
2(a)]. The thickness of these walls is defined by twice the
IIl. RESULTS AND DISCUSSION thickness of the surface depletion layer during anodization.

As can be seen in Fig.(@, the lateral dimensions of porous

SEM images presented in Figs. 1 an@Xhow the de- domains depend upon the local density of surface imperfec-
velopment of porous regions m-GaP samples subjected to tions (e.g., dislocationsinitiating the formation of primary
anodic etching under potentiostatic conditions for 10 and 12@ores.
min, respectively. In both cases a constant voltage o9 V Figure 2b) is a panchromatic CL image taken from the
was applied to the sample. At the beginning of the processame region of the as-anodizedGaP sample. It clearly
the etching starts at surface imperfections consistent witlshows a porosity-induced increase of the emission efficiency
earlier reports:® After initial pitting of the surface, further of gallium phosphide. The light areas in the panchromatic
dissolution proceeds in directions both perpendicular an€CL image result from enhanced luminescence collected for
parallel to the surface. A pore starting at a surface imperfecwavelengths between 250 and 900 nm, with response maxi-
tion and growing along a current line or along a definitemized at~550 nm(2.25 e\}. There is good correlation be-
crystallographic direction is called a primary pore. Poresween enhanced CL emissidliighter areasin the panchro-
originating at the surface of a primary pore and propagatingnatic CL image and porous domains in the SEM image. The
away from it are called secondary pores. The development ofalls between porous domains are less luminescent and,
secondary pores occurs underneath the initial surface. As oriberefore, are easily distinguished in FigbRas dark lines.
can see from Fig. 1, the secondary pores-iaP propagate To demonstrate the dependence of the emission effi-
radially away from the primary pore, forming a symmetric ciency upon the degree of porosity, a panchromatic CL im-
set of catacombs. Since the etching proceeds at the same raige was taken from a sample rendered porous under etching
in all directions, the boundary of the porous region, or, inconditions when the applied voltage was temporarily varied
other words, the porous domain, is circular. between 5 and 15 V. Modulation of the applied voltage is
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FIG. 3. Panchromatic CL image taken from the top surface of a GaP sample
anodized under temporary variations of the applied voltage frd&@io +15
V. Beam energy is 15 keV, beam current is 1 nA.

accompanied by increases and decreases in the anodic cur-
rent density that cause synchronous modulation of the degree
of porosity® As one can see from Fig. 3, succession of volt-
age increases and decreases during anodic etching leads to
the observation of annular bright and dark traceries around
most of the observed etch pits. Note that the dark areas in
Fig. 3 correspond to regions unaffected by anodization.

In Fig. 4, CL spectra from bulk and porous GaP fabri-
cated at a constant voltage ©fL0 V are shown. The spectra
are dominated by a broadband-at.5 eV and a lower in-
tensity band at-2.25 eV. It was found that increasing the

beam powefi.e., Eyl,) increased the intensity of the emis- FIG. 5. (8) SEM and(b) panchromatic CL images in cross section taken
from a sample anodized galvanostatically at two current densifies:

sion at 2.25 eV in absolute terms and relative totHe5 eV

:

.
‘, s‘&% ML
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=80 mA/cn? for 60 min andj,=1 mA/cn? for 240 min.

emission in both bulk and porous GaP. These two broad
emission bands may be attributed to sulfur and some residual
impurities including C, O, Zn, and Cd.The emission ob-
served at~2.25 eV has been investigated by a number of
groups®~*® and associated with radiative recombination at
sulfur and carbon atoms on phosphorous sites. Note that,
according to the earlier published data on luminescence,
deep level transient spectroscopy and optically detected mag-
netic resonance im-GaP!®? the 1.5 eV band has been
attributed to the radiative recombination of nonequilibrium
carriers via donor—acceptor pairs, the donor being a shallow

Further evidence of the impact of porosity upon the lu-
minescence efficiency was obtained when studying samples
prepared under galvanostatic etching conditions at different
anodic current densities. Figure 5 shows SEM and CL im-
ages in cross section taken from a sample subjected to suc-
cessive anodization steps at two current densitips:
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=80 mA/cnt for 60 min andj,=1 mA/cn? for 240 min.

Etching at high anodic current density leads to the formation
of the so-called current-line oriented pores which are quasi-
uniformly distributed and grow inside the sample at nearly

FIG. 4. CL spectra of bulk and porous GaP measured at accelerating voltadél€ Same rat¢Fig. 5@]. Under these conditions the high

of 25 keV and current intensities 10 ni&iangles and 50 nA(squares

density of etching pits at the initial surface excludes the for-
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FIG. 8. The time evolution of CL attenuation. The inset shows the time
FIG. 6. SEM image in cross section taken from the porous layer produced atependence of the intensities of the near infrafe& e\) band and UV
current densityj,=1 mA/cn? for 240 min(see Fig. 5. emission(integrated from 2.75 to 4.2 @V The beam energy is 25 keV,
beam current is 50 nA.

mation of porous domains. When the current density is Degradation of luminescence in bulk GaP and GaP-
switched down to 1 mA/cfy the rate of dissolution and the phased light emitting diodes under neutron irradiation, intense
degree of porosity sharply decreased. Somewhat surprigaser excitation, etc., has been studied extensively for many
ingly, the pores in this case grow along specific crystalloyears?!~22particle irradiation usually results in the introduc-
graphic directions, namely alori@11) directions(Fig. 6). tion of nonradiative recombination centers, attenuating the
In full agreement with the data obtained on potentiostati'luminescence_ However, for beam Current@ (greater than
cally anodized samples, the higher the degree of porosity, theg nA, the emission in the porous specimens is much more
higher the CL intensity. As one can see from Figh)5the  sysceptible to beam damage than in as-grown GaP. It is
top layer fabricated at the current densjtyis more lumi-  therefore possible that the pronounced CL attenuation in po-
nescent in comparison with the second layer produced &bus GaP is due to irradiation-stimulated out-diffusion of ra-
current densit}dz. Even nonuniformities in the thickness of diative centers. In porous |ayers possessing a h|gh surface-
the top porous layer and small particles related to the cleavp-volume ratio stimulated out-diffusion of impurities should
age process are clearly distinguished in the CL image. Thgpyiously be much more significant than in bulk material.
CL spectra from both layers show luminescence in the near jtraviolet luminescence from porous GaP has been re-
infrared region with the band maximum at aboul.5 eV ported in the literature previousit! Broad, very low inten-
when excited by a low-current electron bedRig. 7). The  sjty emission at energies higher than 2.75 eV was occasion-
near-band-edge CL at2.25 eV was observed at h|gh beam a||y observed in our present porous SamFﬂE@_ 8) This
currents. Under intense excitation, however, the CL from themission is sensitive to irradiation and is very rapidly attenu-
porous layers was considerably attenuated by the electrogved by it(see inset in Fig. B Currently, there are two pos-
beam. The CL attenuation with the time is illustrated insible reasons for the occurrence of UV emission. According
Fig. 8. to the SEM analysis, the dimensions of the main structural
entities of the porous layers are of the order of 100 nm or
higher, and therefore they cannot provide conditions for

Y Y Y Y Y Y quantum confinement of free carriers. However, it is feasible
- that the microporous skeleton may be covered by a thin na-
| noporous film where the occurrence of quantum size effects
{1 is possible. For example, in GaAs, electrochemical etching

processes have been shown to result in a wide distribution of
porosity, varying from micrometer to nanometer range
features?® If this is the case in our present porous GaP
samples, then the relatively rapid attenuation of the UV
emission under the action of the electron be@ee inset in
- F 2 Fig. 8 can be attributed to local heating due to the reduced
thermal conductivity of the film. The second possible reason
for the observation of UV luminescence is the formation dur-
ing anodic etching of a thin oxide film covering the surface
Energy (eV) of pores?® Electron beam induced dissociation/damage of
FIG. 7. CL . the oxide would account for the attenuation of the emission
.7 spectra of porous layers produced at current densjties . . . ) )
—80mA/cn? (curve 3 and j,=1 mA/cn? (curve 2. The beam energy is  during irradiation. Further studies are necessary to elucidate
15 keV, beam current is 0.025 nA. the origin of UV emission in porous gallium phosphide.

CL Intensity (a.u.)
o = N W ~ OO O N

1.5 18 21 24 27 30
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The results obtained demonstrate the possibility of produced by electrochemical etching ¢f00)-orientedn-GaP
ducing porous layers with three different types of morphol-substrates in aqueous electrolyte of sulfuric acid. We have
ogy. The “catacomb-like” porosity is introduced under established that, depending upon the etching conditions, po-
“soft” anodic etching of the as-grown samples. In this caserous layers with three different types of morphology can be
the etching starts at surface defects such as emergent dislgrmed including catacomb-like, current-oriented, and crys-
cation loops and occurs at relatively low current densities notallographically oriented pores. The growth of pores along
exceeding a few mA/cfunder constant voltage withit5  the current lines takes place at high anodic current densities.
to +15 V. The symmetric distribution of secondary poresAt low anodic current densities, we observed a pronounced
propagating radially away from the primary pot€ig. 1)  anisotropy of anodic etching. When the anodization process
seems to reflect the distribution of lattice strain around thes switched on, the dissolution starts at surface imperfections
dislocations. and further proceeds in directions both perpendicular and

The electrochemical dissolution at high current densitiegarallel to the initial surface. The topography of pores propa-
is called “shock™-type anodization. A high anodic current is gating in lateral directions seems to reflect the spatial distri-
supplied by a high applied voltage which, in its turn, pro-pution of lattice strain caused by the presence of imperfec-
vides conditions for a large band bending. The holes necesions. After the development of current-oriented or
sary for material dissolution can then be generated by tuncatacomb-like pores, it is possible to initiate the growth of
neling of electrons at the surface from the valence band t@ores along111) crystallographic directions just by decreas-
the conduction band?® The pores grow along the current ing anodic current density. The orientation of pores along the
lines and the crystallographic orientation of sample proves t@train lines or along definite crystallographic directions re-
have no influence upon the porous layer morphology. Thelects the anisotropy of etching that is manifested at low
degree of porosity is entirely defined by the anodic currengnodic current densities.
density and the substrate conductivity. In spite of the huge surface inherent to anodized

The switch from dissolution at high current density to samples, porosity was found to intensify the CL. Porous do-
anodization under soft conditiorte.g., at the current density mains of GaP were imaged using CL microanalytical tech-
of about 1 mA/cr), gives rise to a new type of morphology niques. By changing anodic etching conditions, we achieved
where the pores are oriented preferentially along crystalloa synchronous spatial modulation of both degree of porosity
graphic directiong111), as can be seen in Fig. 6. This kind and CL intensity. Under electron beam excitation at high
of morphology can also be obtained at depth in porous layergurrent densities, an attenuation of the emission was ob-
under etching conditions which result in formation of served in porous layers and attributed to the irradiation-
catacomb-like porosity in the vicinity of the initial surface. stimulated out-diffusion of radiative centers.

We found that a decrease in anodic current density up to 1
mA/cn? after the porous domains megt fa\{ors further grOWthACKNOWLEDGMENTS
of pores along111) crystallographic directions.
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