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ABSTRACT

Porous layers can be formed electrochemically on (100) oriented n-InP
substrates in aqueous KOH. A nanoporous layer is obtained underneath a
dense near-surface layer and the pores appear to propagate from holes
through the near-surface layer. In the early stages of the anodization
transmission electron microscopy (TEM) clearly shows individual porous
domains that appear to have a square-based pyramidal shape. Each domain
appears to develop from an individual surface pit which forms a channel
through this near-surface layer. We suggest that the pyramidal structure
arises as a result of preferential pore propagation along the <100>
directions. AFM measurements show that the density of surface pits
increases with time. Each of these pits acts as a source for a pyramidal
porous domain. When the domains grow, the current density increases
correspondingly. Eventually the domains meet, forming a continuous
porous layer, the interface between the porous and bulk InP becomes
relatively flat and its total effective surface area decreases resulting in a
decrease in the current density. Current-time curves at constant potential
exhibit a peak and porous layers are observed to form beneath the electrode
surface. The density of pits formed on the surface increases with time and
approaches a plateau value. Porous layers are also observed in highly doped
InP but are not observed in wafers with doping densities below ~5 x 10"
cm”. Numerical models of this process have been developed invoking a
mechanism of directional selectivity of pore growth preferentially along the
<100> lattice directions. Manipulation of the parameters controlling these
curves shows that the fall-off in current is controlled by the rate of diffusion
of electrolyte through the pore structure with the final decline in current
being caused by the termination of growth at the pore tips through the
formation of passivating films or some other irreversible modification of
the pore tips.

INTRODUCTION

There is considerable interest in the electrochemical formation of porosity in
semiconductors, both from the point of view of fundamental understanding and their
applications. [1-7] Much of the work has focused on silicon but investigations of pore
formation in III-V semiconductors such as GaAs [8-11] and InP [12-15] have also been
reported. It has been suggested that controlled modulation of the pore diameter and pore



growth direction in such structures could lead to photonic crystals with a photonic band
gap in the near infra-red or visible region. These characteristics are affected by electrolyte
concentration [12,16,17], substrate type [18], orientation [19] and doping density. [20]
Significant progress has been made in understanding the basic mechanisms of pore
formation in silicon under electrochemical conditions, but only a limited number of
investigations of the mechanism of pore formation in III-V semiconductors have been
reported. For silicon, several pore formation models have been proposed to account for
the variety of observed pore types [21-23]. We have recently reported [24] that both
potentiodynamic and potentiostatic anodization in KOH electrolytes can result in the
formation of a porous region below the surface of an InP electrode. The evidence strongly
suggests that the porous layer structure arises from the penetration of pits into the surface
at particular points and pore propagation within the InP originating at these points and
proceeding along the <100> direction. [24] The electrolyte within the porous structure is
connected to the bulk electrolyte by a limited number of surface pits which form channels
through a dense near-surface layer, thus providing a mechanism by which the porous layer
can grow. Consequently, these channels play a critical role in the evolution of the porous
structure.

A subject of interest is the preferential orientation of the pore growth along
specific crystallographic directions and how this leads to the development of a complete
porous region within the semiconductor. In this paper we review our recent work on the
formation of porous InP during anodization in KOH electrolytes. [25,26]

EXPERIMENTAL

The working electrode consisted of polished (100)-oriented monocrystalline sulfur
doped n-InP with a carrier concentration of ~3 x 10'® cm™. For experiments conducted
with wafers of different carrier concentrations, polished (100)-oriented monocrystalline
sulphur-doped InP electrodes with carrier concentrations less than (n-InP) and greater
than (n"-InP) the nominal (n-InP) carrier concentration were used. An ohmic contact was
made by alloying indium to the InP sample and the contact was isolated from the
electrolyte by means of a suitable varnish. The electrode area was typically 0.2 cm?.
Anodization was carried out in an aqueous KOH electrolyte at a concentration of 5 mol
dm>. A conventional three electrode configuration was used employing a platinum
counter electrode and saturated calomel reference electrode (SCE) to which all potentials
are referenced. Prior to immersion in the electrolyte, the working electrode was dipped in
a 3:1:1 H,SO4:H>O0,:H,O etchant and rinsed in deionized water. All of the
electrochemical experiments were carried out at room temperature and in dark conditions.
A CH Instruments Model 650A Electrochemical Workstation interfaced to a Personal
Computer (PC) was employed for cell parameter control and for data acquisition.

Atomic force microscopy (AFM) studies were carried out with a
ThermoMicroscopes Explorer AFM. Slices for plan view and cross-sectional microscopic
analysis were prepared by thinning to electron transparency using standard focused ion
beam milling procedures by means of a FEI 200 FIBSIMS workstation. The transmission
electron microscopy (TEM) characterization was performed using a JEOL 2010 TEM
operating at 200 kV.



RESULTS AND DISCUSSION

1. Formation of Porous InP in KOH

1.1 Electrochemical Formation of Porous InP

Fig. 1 shows a cyclic voltammogram of an n-InP electrode in a 5 mol dm™ KOH.
The potential was scanned at a rate of 2.5 mV s™ from 0.0 V (E;) to 0.68 V (E,u). At
potentials less than 0.3 V (E,;), very little current flow is observed, but continued
anodization to potentials greater than 0.35 V results in a rapid increase in the current
density from values less than 1 mA cm™ below 0.35 V to a peak value of 20 mA cm™ at
0.48 V (E,). Above 0.48 V, the current density decreases quite rapidly, reaching a value
of ~3 mA cm™ at 0.6 V. Clearly, a significant anodic oxidation process occurs above 0.35
V and becomes self-limiting at higher potentials. It also observed that the current
densities on the reverse sweep are much lower than the corresponding current densities on
the forward sweep. This difference indicates that the rate of reaction is drastically
reduced, reflecting effective passivation of the electrodes above E,. A current peak is also
observed when InP electrodes are anodized in other electrolytes.
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Fig. 1 Cyclic voltammogram of an n-InP electrode in a 5 mol dm™ KOH electrolyte from
0.0 V t0 0.68 V (SCE). The potential was scanned at a rate of 2.5 mV s

Cyclic voltammograms were obtained over a range of scan rates and upper
potential limits. An anodic current peak is formed in all cases [27]. While the observed
current densities are higher at the higher scan rates, the charge density corresponding to
the anodic peak was found to remain relatively constant, (0.57 C cm™) indicating that an
approximately equal amount of InP is oxidized irrespective of the scan rate. InP
electrodes that had been subjected to a potential sweep such as that corresponding to the
forward curve in Fig. 1 were cross-sectioned and analyzed using TEM in order to
elucidate the type of process involved during the anodization. Fig. 2 is a cross-sectional
TEM of an InP cross-section after a potential sweep at 2.5 mVs™ from 0.0 V to 0.68 V in
5 mol dm™ KOH. A region, marked (A), extending ~1 xm into the InP substrate (B), is



clearly modified and appears to be penetrated by a network of pores. However, a thin
layer (~40 nm) close to the surface appears to be unmodified (C). The interface of the
porous region and the substrate is generally relatively uniform, although in some areas it
i1s somewhat non-planar. The average pore width and interpore distance are noted to be of
similar value (~40 nm). Thus, the pore width and pore spacing are of similar thickness to
the near-surface layer.

200nm

Fig. 2 Cross-sectional bright field through focal TEM of n-InP after a potential sweep
from 0.0 V to 0.68 V (SCE) at a scan rate of 2.5 mV s in 5 mol dm™ KOH electrolyte.
'A" denotes the porous InP layer and 'B' denotes the InP substrate. The near-surface layer
is shown at 'C'. The plane of the micrograph is (011).

The mechanism by which such a porous region can form by electrochemical
oxidation of the substrate, despite the presence of this dense InP layer at the surface is not
apparent from Figs. 2 and 3. Closer examination by TEM reveals that the dense, near-
surface layer is penetrated at certain points by narrow channels. The TEM micrograph in
Fig. 3 shows a higher magnification cross-section of an electrode subjected to the same
anodization procedure as that described for Fig. 2.

Fig. 3 Dark Field cross-sectional TEM of the InP electrode described in Fig. 2 showing a
channel through the near-surface layer. The plane of the micrograph is (011).



It can be observed that the dense, near-surface layer appears to be penetrated at
one point by a channel. The texture of the porous layer suggests that the pores emanate
from this point in the near-surface layer which suggests a mechanism by which the porous
layer can grow, i.e. it appears to be connected to the electrolyte by channels through the
near-surface layer. Further evidence for the existence of these pores was obtained from
AFM measurements of the surface of electrodes. Careful AFM examination of the surface
of wafers such as that represented in Fig. 4 shows the presence of pits in the surface.
These AFM results are discussed in detail in the section 1.2.

1.2 AFM Studies of Surface Morphology and Pitting

AFM was employed to characterize the surface of the InP electrodes after
anodization in KOH electrolytes. Electrodes subjected to potential sweep anodization
with upper potentials in the range 0.4 V to 0.53 V were studied by AFM. Fig. 4a shows an
AFM image of the surface of an InP electrode that was subjected to a potential sweep at
2.5mV s from 0.0 V to 0.425 V in 5 mol dm™ KOH. The image clearly shows an etch
pit which has formed on the surface. Similar pits were observed in AFM images obtained
for potential sweep experiments at other upper potentials in the range 0.4 V to 0.53 V. For
example, an image obtained for an upper potential of 0.48 V (i.e. at the current peak) is
shown in Fig. 4b. Although the AFM cannot measure the diameter of deep pits, we can
obtain some estimate of the diameter of the pits from line traces through the pit centers.
Thus, taking the value of the full width at half maximum from these traces we obtain a
value of ~50 nm for the pore diameter, in good agreement with observations in cross-
sectional TEM images. No pits were observed on surfaces anodized between 0.0 V and

0.35 V.
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Fig. 4 AFM images of the InP surface after potential sweep anodization at 2.5 mV s in 5
mol dm™ KOH from 0.0 V to (a) 0.425 V, (b) 0.48 V.

Estimates were made of the areal density of pits on electrode surfaces after
anodization under potentiodynamic conditions. A series of experiments was carried out in
which electrodes were subjected to potential sweeps at 2.5 mV s™ from 0.0 V to upper
potentials in the range 0.48 V to 0.68 V and 10 x#m x 10 um AFM images were obtained
of the resulting surfaces. A typical such image is shown in Fig. 5a for an upper potential
of 0.48 V (corresponding to the current peak). At this lower magnification, multiple pits
are visible on the surface. By counting the pits (~23 for this image) we can estimate the
areal density of pits on the surface (2.3 x 10’ cm™ in this case). Estimates of pit density
were similarly obtained for electrodes anodized to various upper potentials and average
values of pit density were obtained in each case. A similar study was conducted on the
surfaces of electrodes subjected to constant potential anodization at 0.5 V. AFM images



were obtained at anodization times in the range 5 — 40 s and a typical image of the surface
after anodization for 25 s is shown in Fig. 5b. Details of the variation of pit density with
upper potential for electrodes anodized under potential sweep conditions and for various
times for electrodes anodized under constant potential conditions will be outlined in
section 2.1. Thus, it is suggested that the pitting of the surface allows for the continued
preferential etching of the InP by providing a pathway for electrolyte to the tips of
advancing sub-surface pores.
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Fig. 5 AFM image of the surface of an InP electrode surface after (a) potential sweep
anodization from 0.0 V to 0.48 V at 2.5 mV s™' and (b) constant potential anodization at
0.5V for 25 s in 5 mol dm™ KOH.

1.3 Effect of Electrolyte Concentration

Experiments were also carried out at lower concentrations of KOH. Fig. 6 shows
linear potential sweeps of InP electrodes in 2 mol dm™ and 3 mol dm™ KOH electrolytes
under similar conditions to that outlined in Fig. 1. The potential was scanned at a rate of
2.5 mV s with an initial potential of 0.0 V. The overall response in Fig. 6 is very similar
to what is observed in 5 mol dm™ under similar conditions; anodic current peaks are
observed. Cross-sectional TEM confirms that the anodic currents in these electrolytes also
correspond to the formation of porous layers. This evidence can be seen in Fig. 7 which
shows the cross-sections of electrodes that had been subjected to potential scans from 0.0
V to 0.825 V in 2 mol dm™ KOH and from 0.0 V to 0.675 V in 3 mol dm™ KOH
respectively. In each case, a porous layer similar to that obtained in 5 mol dm™ KOH is
clearly observed. Again, closer examination reveals the existence of a thin, dense, near-
surface layer in each case, which is penetrated in places by pores.

1.4 Potentiostatic Anodization in 2 - 5 mol dm™ KOH

Experiments were also carried out at constant potential. In a series of experiments
in 5 mol dm™ KOH, the potential was stepped from open circuit to potential values in the
range 0.5 — 0.75 V. These potentials correspond to potentials on a typical current-voltage
curve where porous layer formation is observed. Fig. 8 shows the current-time curves
obtained for InP electrodes anodized in 5 mol dm™ KOH at potentials of 0.5 V, 0.6 V and
0.75 V respectively for 100 s.
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Fig. 6 Linear potential sweeps of InP electrodes in (a) 3 mol dm™ KOH from 0.0 V to
0.675 V and (b) 2 mol dm™ KOH from 0.0 V to 0.825 V. The data was acquired at a scan
rate of 2.5 mV s
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Fig. 7 Bright field cross-sectional TEM of InP after (a) potential sweep from 0.0 V to
0.825 V (SCE) in 2 mol dm™ KOH (b) after a potential sweep from 0.0 V to 0.675 V
(SCE) in 3 mol dm™ KOH. The scan rate was 2.5 mV s™'. The plane of both micrographs
is (011).

The current initially increases with time in each case, reaching a peak after 23, 8
and 5 s respectively and subsequently decreases. It is observed that the peak current
density increases with increasing applied potential, but the time taken for the current
density to reach its maximum value decreases with increasing potential. This type of
current-time curve is typically observed where a nucleation process is occurring. Cross-
sectional TEM examination was carried out on electrodes anodized at each of the
potentials in Fig. 8, i.e. 0.5 V, 0.6 V and 0.75 V. The images obtained are shown in Refs.
25 and 26 and are found to be very similar to those found in potentiodynamically
anodized samples.
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Fig. 8 Current-time curves for InP anodized in 5 mol dm™ KOH in dark conditions at
room temperature at bias potentials of (a) 0.5 V, (b) 0.6 V and (¢) 0.75 V for 100 s.

The porous layer formed at 0.75 V is ~3 um in thickness, twice a thick as the
layers formed at 0.5 V and 0.6 V. Again channels through the near-surface layer are
observed. Examples can be seen in Fig. 9 which shows a high resolution dark-field image
of the sample anodized at 0.75 V.

¥ i;' '.'I : ' ‘.:_" N '_g;_ 200[11]1
Fig. 9 Dark field through focal TEM of n-InP after constant potential anodization at 0.75
V (SCE) for 100 s in 5 mol dm™ KOH. The plane of the micrograph is (011).

Experiments were also carried out at lower concentrations of KOH. Typical
current-time curves of InP electrodes polarized at 0.75 V in 2 mol dm™ and 3 mol dm”
KOH solutions are shown in Fig. 10. Cross-sectional TEM confirms that the anodic
currents in these electrolytes also correspond to the formation of porous layers. This can



be seen in Figs. 11a and 11b which show the cross-sections of electrodes which had been
subjected to anodization at a constant potential of 0.75 V for 150 s in 2 mol dm™ KOH
and 3 mol dm™ KOH respectively. In each case, a porous layer similar to that obtained in
5 mol dm™ KOH is clearly observed. Again, closer examination reveals the existence of a
thin, dense, near-surface layer in each case.
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Fig. 10 Current-time curves for InP anodized in (a) 2 mol dm™ (b) 3 mol dm™ and ()5

mol dm™ KOH in dark conditions at room temperature at a constant potential of 0.75 V
for 150 s.

Fig. 11 Cross-sectional bright field TEM micrograph of an n-InP electrode after
anodization at a constant potential of 0.75 V (SCE) in (a) 2 mol dm™ KOH and (b) 3 mol
dm™ KOH for 150 s in dark conditions.



1.5 Characteristics of the Porous Region

The average thickness of the porous layers formed in 2, 3 and 5 mol dm™ KOH
electrolytes after a potential sweep from 0.0 V to 0.825 V, 0.675 V and 0.7 V respectively
at 2.5 mV s was estimated from TEM micrographs of electrode cross-sections. The
mean pore width was also estimated from higher magnification micrographs of each
porous layer. This estimation was done by drawing a series of lines on the micrograph and
estimating the width of each pore through which the lines passed. The dependence of the
porous layer thickness and mean pore diameter on the electrolyte concentration is shown
in Fig. 12a. It is clear that both the porous layer thickness and mean pore diameter
decrease significantly with increasing concentration of KOH. Estimates of porous layer
thickness and mean pore width were also obtained for samples potentiostatically anodized
at 0.75 V. These estimations were also acquired for 2, 3 and 5 mol dm™ KOH in the same
manner as that described for Fig. 12a and the estimates are plotted in Fig. 12b.
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Fig. 12 Plots of the porous layer thickness (circles) and mean pore diameter (squares) for
n-InP electrodes after (a) potential sweep at a scan rate of 2.5 mV s™ from 0.0 V to 0.825
V, 0.675 V and 0.7 V in 2, 3 and 5 mol dm™ KOH and (b) after constant potential
anodization at 0.75 V in 2, 3 and 5 mol dm™ KOH respectively for 150 s.

It is observed that an increase in KOH concentration results in a decrease in both
the pore diameter and the porous layer thickness, in a similar manner to what was noted
in Fig. 12a for porous layers formed under potential sweep anodization. For each of the
samples mentioned for which the thickness of the porous layer was measured, the
corresponding charge density passed was also estimated. This charge density estimation
was accomplished by estimating the integral of current with respect to time. The
measured thickness of the porous layer was then plotted against the corresponding charge
density. The results are shown in Fig. 13. It is clear that a reasonable fit to a straight line
though the origin is obtained. The slope of this line gives a value of 1.13 zm C"' cm? for
the ratio of porous layer thickness to charge density (Fig. 13a). The observation that the
porous layer thickness increases approximately in proportion to charge density indicates
that a relatively constant percentage porosity is maintained. A theoretical value for the
ratio of layer thickness to charge density passed was also estimated. Using Faraday's law,
the ratio of the thickness, d, of InP oxidized to the charge density, Q, is given by the
equation

_ VM(]nP) (1)

d
0 nF



where V), ,,p, 18 the molar volume of InP, 7 is the number of electrons per formula unit of
InP and F is the Faraday constant.. Using a value [27] of 30.31 cm® mol™ for Vit mpy @nd

assuming n = 8, a theoretical value of 0.393 xm C' cm” is estimated from Eqn. 1 for /0,
the ratio of layer thickness to charge density for complete removal of InP. This theoretical
ratio is represented by line (b) in Fig. 13. As indicated above, the slope of line (a)
provides an estimate of 1.13 zm C™' c¢m? for the corresponding ratio d./Q of experimental
porous layer thickness d. to charge density. The ratio of these estimates of d/Q and d./Q
gives a value of » = d/d, = 0.347, i.e. the estimated thickness of a compact InP layer,
which represents the quantity of InP removed, is a fraction » = 0.347 of the corresponding
as-measured porous layer thickness. Thus, the porosity of the porous layers formed on InP
after anodization in KOH electrolytes is ~35%.
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Fig. 13 (a) Plot of porous layer thickness for samples anodized at constant potential and
after potential sweep as a function of the charge passed. (b) Theoretical thickness of InP
removed.

1.6 Effect of Carrier Concentration

Experiments were carried out on wafers with carrier concentrations greater than
(n"-InP) and less than (n-InP) the typical value (n-InP) used in earlier experiments. Each
was subjected to a linear potential sweep at 2.5 mV s™' from an initial potential of 0.0 V.
The resulting voltammograms are shown in Fig. 14. In comparison with the n-InP (shown
in Fig. 14 for comparison), it is clear that the n'-InP wafer gives a similar current peak but
at a considerably lower potential. The peak current density (24 mA cm™) is slightly higher
than in the case of the n-InP (20 mA cm™) and the corresponding charge density is 0.86 C
cm’ for the n'-InP as compared with 0.57 C cm™ for the n-InP. In the case of the n™-InP,
however, a very much smaller anodic peak is obtained (peak current density of ~0.1 mA
cm™ and charge density of 0.012 C cm?) at a potential of 0.64 V. After anodization,
cross-sectional TEM examination of each of the electrodes was carried out. Fig. 15 is a
bright field TEM micrograph of the cross-section of the n'-InP electrode after a potential



sweep from 0.0 V to 0.3 V. It is clear that a porous region has been formed beneath a thin
near-surface layer, as has been observed for the n-InP wafers discussed earlier.

0.030

0.025

o
(=]
r
[=]

0.015

0.010

Current Density / A cm™

0.005

0.000

T T
— n™-nP

....... n_|np
——=- n-InP (x 50)

04 06 0.8 1.0

Applied Potential / V (SCE)

Fig. 14 Linear sweep voltammograms of n"-InP and n’-InP electrodes in 5 mol dm™ KOH
in dark conditions at room temperature at a scan rate of 2.5 mV s”. The current-voltage
response of the lower doped sample was magnified by 50 for clarity.

The texture of the porous region appears to be generally similar to that obtained
for an n-InP electrode after potential sweep anodization (Fig. 2). However, the thickness
of the near-surface layer is ~25 nm for the n'-InP as compared with ~40 nm for the n-InP.
Similarly, both the pore width and the interpore distance appear to be somewhat smaller
(~25 nm) in the case of the n'-InP as compared with the n-InP (~40 nm).

-

Fig. 15 Bright field throu

'_' 2 v :.l . 1001‘1111

gh focal TEM of an n'-InP electrode after potential sweep
anodization at 2.5 mV s in 5 mol dm™ KOH from 0.0 V to 0.3 V. The plane of the
micrograph is (011). A near surface layer is seen at ‘A’.



The thickness of the porous region in the case of the n'-InP, as determined from
lower magnification micrographs of the entire layer is ~1.6 gm in comparison with ~1 gm
in the case of n-InP (Fig. 2). Comparing the total charge for the respective anodic peaks
(0.86 C cm™ for n"-InP and 0.57 C cm™ for n-InP from Fig. 14), it is clear that the layer
thickness scales approximately with the charge density and so the porosity is expected to
be similar in both cases. In sharp contrast with n'-InP and n-InP, cross-sectional TEM
reveals no porous region for the n’-InP electrode described in Fig. 14. This is consistent
with the observation of a very small anodic peak in Fig. 14 and a correspondingly lower
charge density. The current densities measured for such samples are ~200 times lower
than those measured for n-InP samples under identical conditions.

2. Mechanistic Study of Porous InP Formation

2.1 Pitting of the InP Surface

As reported in section 1.2, pitting of the InP surface occurs at potentials
corresponding to the rising portion of the current-voltage curve when InP electrodes are
anodized in KOH electrolytes of concentrations greater than 2 mol dm™. It was shown in
sections 1.1 and 1.2 that these surface pits are actually channels through the near-surface
layer when viewed in cross-section and thus play an integral role in the formation of the
sub-surface porous layer. The variation in areal density of surface pits under constant
potential and potential sweep anodization was investigated in detail using AFM.
Estimates of pit density were obtained by determining the average number of pits on a 10

um x 10 gm square area of the electrode. This was done for a range of upper potentials
and the results are plotted in Fig. 16a.
Ep

30 . r . . . . 10

(a) (b)
B W

~
[

~
o

o

Areal Density of Etch Pits / 10° cm?
o
Areal Density of Etch Pits / 10° cm™@

0.38 0.40 042 0.44 0.48 0.48 0.50 0.52 0.54 0 10 20 ) 30 40 50
Potential / V (SCE) Time /s

Fig. 16 Surface pit density, as determined by AFM, (a) plotted as a function of the upper
potential limit of the potential sweep where the scan rate was 2.5 mV s and (b) as a

function of anodization time at a potential of 0.48 V. The electrolyte was 5 mol dm™
KOH,

It is clear that the density of pits on the surface increases progressively with
increasing potential. The rate of increase is greatest in the vicinity of 0.45 V. This
corresponds to half the peak current on the low-potential side of the peak in the forward
current-voltage curve, seen in Fig. 1 in section 1.1. Above ~0.48 V (i.e. the potential of



peak current) the pit density begins to plateau and further increase in pit density is small.
Thus, the observed increase in density of pits corresponds to the onset of the anodic peak.

AFM studies were also conducted on electrode surfaces subjected to potentiostatic
anodization. InP electrodes were anodized at 0.48 V for times ranging from 5 s to 40 s
and AFM images of the surfaces were obtained. Values of pit density obtained from such
images are plotted as a function of anodization time in Fig. 16b. It is observed that the
density of pits formed on the surface increases with time and approaches a plateau value
after 20 — 30 s. Thus, surface pitting at constant potential develops in a similar manner to
that observed under potential sweep conditions and is a progressive process. Thus, the
channels formed in the near-surface layer, which are believed to be the pathways for
electrolyte to the pores form progressively in time and, as it will be shown, this
progressive nucleation of surface pits influences the overall growth mechanism of the
sub-surface porous layer.

2.2 Mechanism of Porous InP Formation

In order to investigate the mechanism by which porosity develops in InP under
anodic conditions in KOH, experiments were carried out in which the potential was swept
from 0.0 V to 0.44 V and the electrode was then cross-sectioned and examined. A TEM
micrograph of such a cross-section is shown in Fig. 17a. This micrograph shows that, at
this stage of the anodization, individual porous regions had formed that have a triangular
cross-section with the base of the triangle parallel to the InP surface. As was observed for
the more fully developed porous layer (Fig. 2 in section 1.1) the triangular porous region
is separated from the surface by a thin non-porous near-surface layer. The measured
thickness of this layer in Fig. 17a is ~40 nm. The cross-section in Fig. 17a is along the
(011) plane. By symmetry we would expect a similar cross-section along the
perpendicular (011) plane, which suggests that the porous region in Fig. 17a has a square-
based pyramidal structure. Supplementary investigation was also carried out by plan-view
TEM observation of the electrode. Fig. 17b shows a TEM micrograph of a slice through
the InP in the (100) plane, parallel to the surface and ~100 nm below it. A porous region
with an approximately square outline is clearly visible, consistent with a square based
pyramidal structure for the porous region as suggested above.

Fig. 17 (a) Dark Field cross-sectional TEM of the InP electrode described in Fig. 2
showing a channel through the near-surface layer. (b) Plan view bright field TEM image
of a section through a porous InP layer ~100 nm below the surface of the electrode. The
plane of the micrograph is (100). Nearby porous domains are visible.



We suggest that each pyramidal porous structure formed corresponds to a single
channel through the near-surface layer. We further suggest that the pyramidal structure
arises as a result of preferential pore propagation along the <100> directions. We
postulate that each pyramidal structure grows by a process whereby all pore tips in a
particular structure are advancing with equal speed. We now show that such a growth
mechanism leads to the type of square based pyramidal porous domains observed.

To facilitate discussion of the growth of an individual pyramidal porous structure,
we define cartesian co-ordinates as follows. We define a y-axis along the [100] direction
(i.e. normal to the surface of the electrode), an x-axis along the [010] direction and a z-
axis along the [100] direction. The origin (0,0,0) is defined as the bottom of the channel
through the near-surface layer. This is depicted in Fig. 18.
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Fig. 18 Definition of cartesian co-ordinates for an individual porous region. The y-axis is

normal to the electrode surface and the z-axis is out of the plane of the page. The origin is
at the bottom of a channel through the near-surface layer as shown.

Consider a pore propagating from the origin. It can propagate in any of five
directions, namely -y, x, -x, z and -z. Assume that the pore is propagating at some speed v.
If it propagates along the -y direction it will reach a point with co-ordinates (0, -vt 0) a
distance vt below the surface layer at time t. Similarly, if it propagates along the x
direction it will reach a point (vt, 0, 0) just underneath the near-surface layer. If the pore
propagates for time t/2 along the -y direction and then branches and travels for time t/2
along the x direction, it will reach a point (vt/2, -vt/2, 0) at time t. In fact, if the pore
propagates along any combination of paths along the -y direction and the x direction it
will reach a point on the line joining (0, -vt, 0) and (vt, 0, 0). Likewise, a pore propagating
by any combination of paths along the -y direction and the -x direction will reach a point
on the line joining (0, -vt, 0) and (-vt, 0, 0), at time t. Similarly, pores propagating along
paths involving the -y direction in combination with the z direction and the -z direction
will reach, at time t, points on the lines joining (0, -vt, 0) to (0, 0, vt) and (0, 0, -vt)
respectively. Extending the argument to combinations of paths involving all three axes, it
is clear that pores propagating in this way will reach, at time t, points on the surface of a
square based pyramid defined by the above-mentioned four line segments and the plane
of the bottom of the near-surface layer.

The structure and shape of the porous domain was analyzed further. In Fig. 19, a
three-dimensional schematic of the cross-section is shown, where & = vt, i.e. /i is the total
length that a pore can propagate. Fig. 19 is drawn in three dimensions for clarity to
emphasize the characteristic lengths corresponding to the width and depth of the porous



domain. The structure is defined as follows: the central pore that propagates in the [100]
direction from directly beneath the channel in the near-surface layer grows to a length 4.
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Fig. 19 3-D schematic representation of the porous domain. The total length of a pore
from its source at the channel in the near-surface layer to the tip is 4 = vt.

A pore that branches in a lateral <100> direction orthogonal to this central pore
immediately below the near-surface layer will also grow a distance 4. Thus the width of
the porous domain at its widest point (just below the near-surface layer) is 24. By
symmetry, we obtain a similar chracteristics for the (010) plane. The base of each of these
triangles corresponds to a diagonal of the base of the pyramid, which is in the (100) plane
(corresponding to a plan view parallel to the surface of the electrode). This view is shown
in Fig. 20a. The diagonal represents the width of the porous domain when viewed in the
(001). The side of the square is b = #\2 and this is the width of the domain as viewed in a
(011) projection. The (001) and (011) projections are indicated in the diagram. Such a
(011) projection through the center of the pyramid is shown schematically in Fig. 20b. For
this projection, the height will be 4, ie. it will have the same height as the (001)
projection in Fig. 19.
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Fig. 20 Schematic representation of (a) plan view and (b) the (011) projection of the
porous domain. The base of the triangle is a distance d below the surface of the InP
representing the thickness of the near-surface layer. The length of the base is b, the
lengths of the sides are a and c respectively.



Thus the predicted value of the width-to-depth ratio is b/h = hN2/h = N2 = 1.414.
Similarly, the ratio, b/a = 1.15, where a is the side of the triangle shown in Fig. 20b. The
(011) cross-section represented in Fig. 20b may be compared with the experimentally
observed (011) cross-section shown in Fig. 17a. It can be seen that there is excellent
agreement between the ratios predicted by the model and the experimental values.

Thus, there is strong evidence that the porous region grows with the formation of
square based pyramidal domains such as would result from the propagation of pores that
all have, at an instantaneous point in time, equal pore front velocity along the <100>
directions. As discussed earlier, AFM examination of the surfaces of electrodes subjected
to anodic potential sweeps such as that in Fig. 1 in section 1.1, show a distribution of pits
on the surface the density of which increases progressively with increasing upper
potential, as outlined in Fig. 16. Similarly, AFM examination has also shown that the
density of surface pits increases with time at a constant potential of 0.5 V. It is postulated,
as stated earlier, that each of these pits acts as a source for a pyramidal porous domain,
and these domains eventually form a continuous porous layer. This postulation implies
that the development of porous domains beneath the surface is also progressive in nature.
Evidence for this can be seen in the (100) plan view TEM images in Fig. 21, which were
acquired after ion-milling ~100 nm into the substrate. The micrographs show different
areas of the same surface. It can be seen that the porous domains in Fig. 21a are at various
stages of development. In Fig. 21b, taken from a different area of the same sample, it can
be seen that some domain merging has occurred (bottom left) and domains that are at very
early stages of growth are also evident.

100nm 100nm

Fig. 21 Plan view bright field TEM images of a section through a porous InP layer ~100
nm below the surface of the electrode. Anodization conditions were the same as in Fig.
17. The plane of the micrograph is (100). Adjacent porous domains are visible.

From the AFM observations, the estimated surface pit density is 2.3 x 10’ cm™.
Assuming that each pit forms a square based pyramidal domain and that their bases
eventually cover the whole area of the electrode, the average area of the base of a domain
is 1/(2.5 x 10" cm™) = 2 x 10 cm®. Thus the side is (2.8 x 10™® cm™) = 2 xm. This is at
least in order of magnitude agreement with the observed size of the domains, when they
begin to touch (Figs. 17b and 21).

Because these observations have shown that the formation of individual porous
domains beneath the surface of the semiconductor are linked to the formation of pits on
the surface, i.e. that each domain stems from a surface pit, it follows then, that the
development of the overall porous region occurs due to the merging of the progressively



nucleated porous domains. To examine this, the cross-sections of InP electrodes were
examined by TEM following potential sweep anodization in 5 mol dm™ at 2.5 mV s
from 0.0 V to 0.48 V (i.e. the current peak). Fig. 22 shows a resulting cross-sectional
TEM micrograph. This micrograph suggests that the development of the porous layer is
as a result of merging porous domains. It can be seen that merging of porous domains has
occurred resulting in some sections of the porous region becoming fully formed.

Fig. 22 Cross-sectional bright field TEM micrographs of n-InP after a potential sweep
from 0.0 V to 0.48 V (SCE) at a scan rate of 2.5 mV s in 5 mol dm™ KOH electrolyte.
The plane of the micrograph is (011).

The regions marked 'A' and 'B' are shown in a higher magnification image in Fig.
23. Fig. 23a shows a relatively homogeneous porous region ~700 nm in thickness.
However, Fig. 23b obtained at another part of the same electrode (representing area 'B' in
Fig. 22) clearly shows the merging of two porous domains. This micrograph shows that,
at this stage of the anodization, not all of the nucleated porous domains have fully grown
and merged.

Fig. 23 Cross-sectional bright field TEM shO\;vig () region A and (b) region B in Fig.
22. The merging of two porous domains is evident in (b). The plane of the micrographs is

(011).



The progressive formation of square-based pyramidal shaped porous domains
from beneath etch pits on the surface is shown conclusively in Fig. 24a, which is a plan
view TEM micrograph of the surface after potential sweep anodization similar to that
described for Fig. 17b. Numerous domains are visible and some are noted to be
considerably more developed than others. Furthermore, in some areas, considerable
domain merging has occurred. In Fig. 24b, a cross-sectional TEM of the electrode
anodized under the same conditions is shown. This image was acquired from a region
where domains are seen to merge. The image suggests that a number of pyramidal porous
domains are overlapping. Furthermore, direct evidence for the presence of a channel in
the near-surface layer at the center of the pyramidal base is evident at 'A' in Fig. 24b.
Thus, at the earlier stages of the anodic formation of porous InP in 5 mol dm~ KOH,
TEM clearly shows individual porous domains which appear triangular in cross-section
and square in plan view.

Fig. 24 (a) Plan view bright field TEM of n-InP after a potential sweep from 0.0 V to 0.48
V 18 (SCE) at a scan rate of 2.5 mV s in 5 mol dm™ KOH electrolyte. The progressive
development of the porous domains is apparent. (b) cross-sectional (011) projection of the
same electrode as in (a) showing merged pyramidal porous domains. An etch pit on the
surface is observed in cross-section at 'A’.

The cross-sections also show that the domains are separated from the surface by a
~40 nm thick, dense InP near-surface layer. It has been shown that the porous domains
have a square-based pyramidal shape and that each one develops from an individual
surface pit, which forms a channel through this near-surface layer. We suggest that the
pyramidal structure arises as a result of preferential pore propagation along the <100>
directions.

Analysis of the cyclic voltammograms of InP electrodes in 5 mol dm> KOH
indicates that, once a critical potential for pore formation is reached, the anodic current is
predominantly time dependent and there is little differential dependence of the current on
potential. [26] Modeling of the pore growth mechanism based on this evidence strongly
suggests that our hypothesis is largely correct. The details of the numerical simulation are
outlined in section 3.



3. Numerical Simulation of Porous Layer Growth
3.1 Porous Domain Formation

The process of porous growth in anodically etched n-type InP in 5 mol dm™ KOH
during the application of a potentiostatic voltage was modeled numerically. A mechanism
of directional selectivity of pore growth preferentially along the <100> lattice directions
was simulated and the results from these simulations were compared against experimental
data. Experimentally pore growth creates nanoporous regions beneath a thin dense near-
surface layer. In the early stages these regions take the form of square-based pyramidal
domains originating at individual surface pits. Details of the numerical model employed
can be found elsewhere. [28]

In Fig. 25, a typical porous structure formed initially during etching, in 5 mol dm™
KOH is compared with a simulated structure created by the model. As expected, there is a
strong resemblance between the initial porous domains formed experimentally and the
structures that are simulated. The structures start from surface pits and grow along the
<100> directions forming square-based pyramidal domains. The high potential at each of
the pore tips allows pores to grow along all the <100> directions at an instantaneously
equal rate causing regular domains to form and the number of active pore tips to increase
rapidly. As these domains increase in size the concentration of electrolyte at the pore tips
cannot be sustained by the diffusion of electrolyte from the surface pits and along the
pores slowing down pore growth. The increase in the number of growing pore tips also
increases the ohmic drops along the domain’s pores.
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Fig. 25 (a) Initial structure formed prior to peak in current by a typical numerical
simulation at an applied potential of 0.45 (KEY: 0 = InP depleted of carriers, White =
Bulk InP, Grey = Pore) and (b) corresponding structure formed by electrochemical
etching of InP during a linear potential seep from 0.0 V to 0.44 V in 5 mol dm™ KOH at
2.5mV s™. (from Ref. 28)

Different pore tips experience different ohmic drops which change continuously
as the growth of new pores begin and end therefore with increasing domain size the
ohmic drops experienced cause a greater spread of tip potentials. The effect of lower
potentials with a wider distribution causes a range of low probabilities to be distributed at
the pore tips producing a non-equal instantaneous growth rate and allowing the domains
to lose their regular shape. At extended durations of etching, after the merging of the
porous domains, this non-equal instantaneous growth rate allows for the formation of a



relatively flat porous to bulk interface similar to that found experimentally. These
structures are created by the merging of porous domains after extended durations of
etching.

3.2 Diffusion Controlled Pore Growth

When simulations at the same applied potential parameter but different diffusion
coefficients are compared a shortening in the number of time-steps before the peak in
current, is observed, for lower electrolyte diffusion coefficients. [28] Examination of
these curves (cf. Fig. 1) explains the experimental behavior of current during initial
etching. The initial rapid increase in current is caused by an expansion in the number of
active pore tips as the domains spread out from the surface pits (as seen in Fig. 25). The
current then peaks once the diffusion rate of electrolyte is no longer capable of sustaining
the concentration at the pore tips above the threshold value for growth resulting in
retardation in the growth of new pores. This can be concluded as the lowering of the
diffusion coefficient causes the peaks to be limited to lower values of current and to occur
at earlier times. The currents then decrease rapidly until a sustainable diffusion-
consumption rate is attained producing a current that continues to gradually decrease as
the average pore length increases. Diffusion of electrolyte is therefore a major controlling
factor for pore growth rate and current: an increase in diffusion coefficient causes current
peaks to increase in height, broaden and shift to later times and current values at extended
durations to increase. It can also observed that at sufficiently high diffusion coefficients
the current becomes limited by the ohmic resistance rather than by the diffusion rate of
electrolyte along the pores.

It has been observed experimentally that below a threshold electrolyte
concentration of 1.5 mol dm® KOH porous growth does not occur and instead the
formation of thin oxide films on the InP surface is observed. [25,29]
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Fig. 26 Typical current versus time curves simulated for three different values of constant
potential. The algorithm used allows for the termination of etching at pore tips by gradual
irreversible modification of the active pore sites at electrolyte concentrations below the
minimum concentration for pore growth. (from Ref. 28)

The electrolyte concentrations in pores eventually drop below this threshold that
could lead to the partial filling of the pores with oxide, reducing the diffusion rate of



electrolyte. It is possible that the modification of the pore tips by low electrolyte
concentrations may be permanent, stopping pore growth from recovering even when
higher electrolyte concentrations are regained. The simulated curves for such a
mechanism of termination are shown for three different values of constant potential in
Fig. 26a and are in strong agreement with typical experimental curves shown in section
1.4 (Fig. 8). Both the experimental and simulated curves display currents that initially
peak after different times before decreasing suddenly so as to merge and fall off gradually
to very low currents at extended durations.

CONCLUSIONS

Potentiodynamic anodization of n-InP in a KOH electrolyte at concentrations of 2
mol dm™ or greater results in selective etching of InP and the formation of a porous InP
layer near the surface of the electrode. A linear sweep voltammogram of an n-InP
electrode in these electrolytes shows a pronounced anodic peak. Cross-sectional TEM
examination of electrodes, which have undergone such a sweep at 2.5 mV s to a
potential just past the peak, show an ~1 xm porous region just below the surface. A non-
porous region, ~40 nm in thickness, remains at the surface of the electrode with the
porous layer immediately underneath it. Potentiostatic anodization of n-InP electrodes at
0.5 -0.75 Vin 2, 3 and 5 mol dm™ KOH also results in the formation of porous InP
structures. A relatively constant percentage porosity is maintained. A value of 1.13 gm C’
! em” was obtained for the ratio of porous layer thickness to charge density from which an
estimate of ~35% was obtained for the porosity. The thickness of the porous layer and the
mean pore diameter are noted to decrease with increasing KOH concentration both under
potentiostatic and potentiodynamic anodization. The origin of the dense near-surface
layer has not been fully explained but it is suggested that it may arise from carrier
depletion in the semiconductor.

Investigation of the earlier stages of the anodic formation of porous InP in 5 mol
dm™ KOH. TEM clearly shows individual porous domains which appear triangular in
cross-section and square in plan view. It is concluded that the porous domains have a
square-based pyramidal shape and that each one develops from an individual surface pit
which forms a channel through this near-surface layer. It is suggested that the pyramidal
structure arises as a result of preferential pore propagation along the <100> directions.
Atomic force microscopy (AFM) measurements show that the density of surface pits
increases with time. Each of these pits acts as a source for a pyramidal porous domain,
and these domains eventually form a continuous porous layer. This implies that the
development of porous domains beneath the surface is also progressive in nature.
Evidence for this was seen in plan view TEM images. Merging of domains continues to
occur at potentials more anodic than the peak potential, where the current is observed to
decrease. When the domains grow, the current density increases correspondingly.
Eventually, domains meet, the interface between the porous and bulk InP becomes
relatively flat and its total effective surface area decreases resulting in a decrease in the
current density.

The numerical current versus time curves produced also exhibit good agreement
with experimental data. Manipulation of the parameters controlling these curves shows
that the fall-off in current is controlled by the rate of diffusion of electrolyte through the
pore structure with the final decline in current being caused by the termination of growth
at the pore tips through the formation of passivating films or some other irreversible
modification of the pore tips.
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