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Porous GaP Multilayers Formed by Electrochemical Etching
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The properties of porous GaP, formed by anodic etching in H,SO,, are described. Pore size, pore density, and the interpore
distance depend on the dopant density and the potential at which the sample is etched. In addition, it is shown that at high
potential, the GaP passivates as a result of the formation of an oxide layer. These features allow us to grow multilayer structures
of GaP with modulated porosity and/or oxide layers. The dissolution of oxide at the base of a porous layer can be used to produce

freestanding porous membranes.
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There is currently a wide range of porous-etched semiconductors
available with interesting physical and chemical properties.' How-
ever, the field of application of porous semiconductors is still domi-
nated by silicon.? This material plays an important role in many
technologies, including microelectromechanical systems (MEMS),?
optical and photonic devicesf"5 sensors,6 and (bio)chemical
reactors.” The success of silicon can be attributed to a large extent to
the versatility of the etching process.® Both p-type and n-type silicon
can be made porous, and the porosity can be controlled within wide
limits.®? As a result, modulated structures having, for example, a
modulated refractive index, can be made for optical systems.!%!!
Ordered networks of etched macropores find application in two- and
three-dimensional photonic bandgap materials.'>'# Freestanding
membranes can be formed by releasing the porous layer from the

substrate by electrochemical polishing.® Such samples can be used
as sieves for, for example, biomolecules in micrototal analysis
systems. !>

In this paper, we show that a number of these etching features
can also be realized in another semiconductor, GaP. There are vari-
ous reasons to consider alternatives to porous silicon. Silicon has a
large refractive index (3.5), and a bandgap of 1.1 eV.'® This makes
macroporous silicon suitable for photonic applications in the near-
infrared region.!”!® Because of its indirect bandgap, macroporous
silicon, like bulk silicon, shows only very weak luminescence (in the
near infrared). The strong visible luminescence from microporous
silicon due to size quantization has found application in
sensors.>!%?% The emission spectrum of porous silicon is broad and
markedly dependent on the method of formation and the history of
the sample. Gallium phosphide also has a large refractive index
(3.2). However, its bandgap of 2.24 ¢V,'® makes macroporous GaP
an interesting photonic material for the visible spectral range. Po-
rous GaP, produced by anodic etching, is the most strongly scatter-
ing material for visible light, reported to date;?! there is evidence for
the onset of Anderson light localization®” in this material. At low
temperature, bulk GaP shows a sharp luminescence emission cen-
tered at around 560 nm which is quenched at room tem];z)erature;23
macroporous GaP shows similar luminescent properties.”> Doping
the bulk semiconductor isoelectronically with nitrogen gives effi-

cient near band-band luminescence at room tempelrature.24 Similar
results are expected for macroporous GaP. This emission combined
with the large surface area of the macroporous semiconductor and a
surface chemistry quite different from that of silicon makes GaP
interesting for sensor applications. Finally, the different surface
chemistry may offer new and interesting possibilities in separation
and reactor technologies.

Various n-type compound semiconductors can be made porous
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by electrochemical etching.!?>?” Since valence band holes are re-
quired for the anodic oxidation, n-type electrodes do not etch under
“normal” depletion conditions. However, at strongly positive poten-
tials, when the band bending exceeds the bandgap of the solid, elec-
trons may tunnel from the top of the valence band or from bandgap
states to the conduction band. The resulting holes cause dissolution
of the solid. The rate of this process is determined by the tunnel
distance which depends on the width of the depletion layer; this is
inversely proportional to the square root of the doping density.2® In
addition, tunneling is sensitive to the state of the surface, e.g., to
crystallographic defects and surface impurities. Consequently, an-
odic etching of n-type semiconductors under ‘‘breakdown” condi-
tions is strongly localized, giving rise to porous structures. This is in
contrast to the uniform dissolution which is usually observed with
p-type material.

Two groups have recently studied the porous etching of n-type
GaP. Karavanskii and co-workers?®** produced micrometer thick
light-yellow layers on (100) material by galvanostatic etching in a
50% solution of HF in ethanol. Erné et al.?®?! etched (100) wafers
at constant potential (5-15 V) in aqueous 0.5 M H,SO, solution,
producing pores and pore walls with dimensions of about 100 nm.
The dependence of the morphology on the electrode material and the
etching conditions were not considered in either study.

In the present work, we investigated the influence of the applied
potential and dopant density on the anodic etching of GaP. We first
describe the experimental setup and the electrochemical results. We
then show that anodic etching can be used to control the morphol-
ogy of the porous layer, and we describe two approaches to obtain-
ing modulated structures.

Experimental

For the experiments, n-type GaP single-crystal wafers, 300 wm
thick, with a (100) surface orientation were used. The four wafer
types had dopant densities ranging from 4-5 X 10'7 to 10-20
X 10" cm™3. The samples were glued to a copper plate with silver
epoxy, and covered with a Teflon sticker. A circular hole in this
sticker left an area of 0.24 cm? exposed to the electrolyte. The cop-
per plate was also covered with Teflon, to prevent the copper from
contacting the solution.

Etching experiments were performed in aqueous 0.5 M H,SO,
solution in the dark in a conventional three-electrode cell with a
platinum counter electrode and a saturated calomel electrode (SCE)
as reference. All potentials are given with respect to SCE. The
equipment used for the experiments was an EG&G PAR 273A po-
tentiostat connected to a PC, and controlled with home-made soft-
ware. To reach potentials above 10 V, one or more 9 V batteries
were used. After etching, the samples were examined using a Philips
XL 30 field emission gun scanning electron microscope (FEGSEM)
(Fig. 1a, 2, and 3), an ISI DS-130 SEM (Fig. 1b), or a Leo 1550
FEGSEM (Fig. 4).
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Figure 3. Freestanding layer of porous GaP in a wafer with dopant density
of 8 X 10'7/cm?® masked with silicon nitride. The layer was formed by first
etching in the porous range of the i-V curve (10 V for 10 min), followed by
etching in the passive range (15.5 V for 15 min), after which the passivating
oxide layer was allowed to dissolve at open circuit potential for 20 min.

Figure 1. Porous regions in GaP, obtained (a) just after the etching started,
and (b) after a steady-state current was reached.

Results and Discussion

Figure 5 shows the current density, i, as a function of the applied
potential, V, for an n-type GaP electrode (dopant density 6
X 10'7/em?®). The potential was scanned from —1 V, at a rate of 50
mV/s. Three distinctive regions are indicated in Fig. 5. At low po-
tentials, the band bending is too small to allow interband tunneling.
The semiconductor behaves as a reverse-biased diode, and the cur-
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Figure 4. SEMs of two areas of a cross section of a GaP multilayer, made in

Figure 2. Porous GaP multilayer, made in a wafer with a dopant density of a wafer with a dopant density of 6 X 10'7/cm®. Three layers with different
6 X 10"/cm?, by scanning the potential six times between —1 and 19 V porosities were etched at potentials of 11.4 V (layer A), 7.0 V (layer B), and
(scan rate 50 mV/s). The scanning cycle is indicated at the edge of the 10 V (layer C). The two SEM pictures were taken at exactly the same

picture. magnification.
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Figure 5. Typical i-V plot of an n-type GaP electrode (dopant density 6
X 10"/cm?) in a 0.5 M H,SO, solution. Scan rate 50 mV/s. The scan
direction is indicated by arrows.

rent is almost zero. Above the breakdown potential (about 3 V in
this case), an anodic current begins to flow and the current increases
markedly as the potential is raised. This is the range in which porous
etching was previously reported.!®?%28 At a more positive potential,
a current maximum is observed after which the current decreases
rapidly to a low value which shows only a weak potential depen-
dence. Such current/potential (I-E) characteristics, which are typical
of electrode passivation due to oxide formation, have not been re-
ported before for n-type GaP. In the reverse scan from 19 V, a peak
is also observed in the i-V curve, but the current maximum is lower
and occurs at a more negative potential. To observe current, the
passive layer that has formed on the active GaP surface (the pore
fronts) at potentials higher than the peak potential must first be
removed. Oxide dissolution occurs via a slow chemical reaction; this
accounts for the marked hysteresis observed in Fig. 5. At lower scan
rates, which allow more time for the dissolution of the passive layer,
the current peak in the return scan occurs at more positive potentials.
The peak potential for the forward scan was found to depend on the
dopant concentration, and varied from 20 V for the low-doped ma-
terial to 7.5 V for the high-doped samples.

In Fig. 6, a current density/time (i-t) curve is shown of a sample
etched at a fixed potential in the porous region. The etching starts at
specific sites at the surface, as described by Emé er al.?® From these
pits, isotropic porous domains develop, as shown in Fig. 1a. While
the domains grow, the current density increases (Fig. 6). Eventually,
the domains meet, the interface between the porous and the bulk
GaP flattens out, and its total area decreases. Because etching only
takes place at the porous GaP/bulk GaP interface, the current den-
sity, which is proportional to the total area of this interface, also
decreases, until the interface becomes flat and a stationary current is
reached (Fig. 6). In Fig. 1b, the separation between the porous do-
mains is clearly visible in the upper part of the porous layer, while
further in the bulk the domains blend together.

The morphology of the various porous wafers was investigated
as a function of the potential. For a fixed dopant density it is clear
that in the range marked porous etching in Fig. 5, the porosity is
higher at more positive potentials. This was shown in an experiment
in which the potential of the electrode (dopant density 6
X 10"/cm?) was first held at 11.4 V (case A), then lowered to 7 V
(case B), and finally raised to 10 V (case C). The charge densities
passed through the sample were 21, 16, and 9.6 C/cm?, respectively.
From a low-resolution scanning electron microscope (SEM) picture
of a cross section of the cleaved sample (not shown) it was clear that
three porous layers were formed with thicknesses of 37 wm (layer
A), 69 pm (layer B), and 13 pm (layer C). Because six charge
carriers are required to dissolve one GaP formula unit*? and no side
reactions take place, the volume of GaP removed could be calcu-
lated from the charge passed through the sample during etching.
Using this volume, and the thickness of the porous layer, we calcu-
lated porosities (the percentage of material removed during etching)
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Figure 6. Typical i-t plot of an n-type GaP electrode (dopant density 6
X 10'7/em?, etching potential 11.4 V) in a 0.5 M H,SO, solution.
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of 24, 10, and 31% for layers A, B, and C, respectively. The porosity
of the bottom layer, C, is higher than that of the top layer, A, despite
the lower etching potential of the bottom layer. In this case, the
dissolution products must be removed through a thick (69 wm) in-
termediate layer of GaP with a very low porosity (10%). The etching
conditions must therefore be somewhat different than in the case of
layer A.

Figure 4 shows higher resolution SEM pictures of part of the
cleaved cross section at the two interfaces between the porous lay-
ers. Average pore diameters were determined by considering the
dimensions of ten pores on an enlarged SEM picture. The pore di-
ameters in layer A (73 = 18 nm) and C (81 = 22 nm) are much
larger than in layer B (41 £ 9.5 nm). The pores in layer B also
seem to be oriented along crystallographic axes. This phenomenon
has also been observed by Stevens-Kalceff et al.>? The results show
that both the pore dimensions and the porosity can be controlled by
the applied potential. In addition, the porosity of the etched wafers
depends on the dopant density and the applied potential. Porosities
as high as 66% were reached using a wafer with a dopant density of
10-20 X 10'7 cm™ and a potential of 7.4 V (the peak potential of
the current density/voltage (i-V) curve for this wafer).

Apart from the modulation of the porosity on the basis of the
applied potential in the porous etching range, the i-V characteristics
of Fig. 5 suggest another approach for layer tuning. This method,
which makes use of the oxide formation and dissolution in the pas-
sivation range, is illustrated with the examples in Fig. 2. This figure
shows a SEM cross section of a wafer with a dopant density of 6
X 10'7/cm?, which was subjected to six consecutive linear poten-
tial scans between —1 and 19 V at 50 mV/s.

In this experiment, the electrode is passed back and forth be-
tween active and passive states. The oxide formed during a forward
scan is removed in the reverse scan of each cycle. The SEM results
show a multilayer structure which corresponds closely to the cycling
sequence indicated at the edge of the picture. The period spent in the
range of oxide formation is clearly evident in the transition region
(white stripes) between the porous layers. The final layer, which
corresponds to only half a cycle, has a thickness equal to half that of
the other layers. This should also hold for the first layer, which, in
fact, is missing. We suspect that the layer peeled off when the
sample was cleaved. From the results of Fig. 4, one expects to see a
gradation in porosity across each of the layers shown in Fig. 2, since
the potential is continuously changed during the experiment. This is,
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indeed, clear from higher resolution SEM pictures (not shown).

By forming and dissolving an oxide layer after a period of po-
rous etching we have been able to make freestanding membranes of
porous GaP (see Fig. 3), like those previously reported for Si.3 The
surface of a GaP wafer with a dopant density of 8 X 10'7/cm® was
provided with a silicon nitride mask containing an elongated rectan-
gular opening. A porous layer was formed in the semiconductor by
anodic etching (10 V for 10 min) through the window in the mask.
The layer, which grew isotropically, was approximately 3.5 pm
thick. In order to open a gap between the porous layer and the
substrate, the potential was switched to the passive range (15.5 V for
15 min) and subsequently to the open-circuit potential (for 20 min).
The width of the gap (130 nm in Fig. 3) can obviously be controlled
by the etching period in the passive range.

Conclusions

In this work, we have shown that both the porosity and the pore
size of porous GaP can be easily regulated by means of the potential
applied during anodic etching of n-type material in a 0.5 M H,SO,
solution. This allows the fabrication of multilayer structures with
modulated properties. In addition, an air gap can be introduced be-
tween porous layers giving an extra degree of freedom in multilayer
applications. In particular, an air gap can be used as a channel be-
tween the porous layer and the crystalline substrate, thus forming
freestanding GaP porous membranes. Such multilayers could find
application in a wide range of fields, including micromechanics,
and, optical, photonic, and sensor systems.
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