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1. Introduction

In the last two decades, III-V compound semiconductors have become
increasingly important for various applications in microelectronics, optoelec-
tronics, and optical telecommunication. Devices such as light-emitting diodes
(LEDs), semiconductor laser diodes (LDs), and optical waveguides consist of
II-V semiconducting materials [1]. Gallium arsenide is used in field effect
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transistors because of the higher mobility of electrons in GaAs as compared to
silicon, leading to devices that can operate faster [2]. In recent years, semicon-
ducting group III nitrides have received great interest because they allow the
wavelength range of LEDs and LDs to be extended into the green and the blue,
which allows full color displays to be achieved through mixing of the three
primary colors [3, 4].

The processing of III-V compound semiconductors for component fabrica-
tion involves steps in which material is removed in a controlled way, that is,
etching steps. Both dry and wet etching methods are employed. This chapter
pertains to wet etching, which is the controlled dissolution of the semiconductor
as a consequence of a chemical or an electrochemical reaction. In addition to
the controlled dissolution of semiconducting material as such, wet etching also
has more specific applications. Whereas the etch morphology often depends on
the crystal face, etching is used as a means to identify crystal faces. So-called
polishing etchants are used to obtain samples with perfectly smooth surfaces,
which is essential in certain process steps [5]. Wet etchants may in many cases
react specifically at crystallographic defects such as dislocations, impurity stri-
ations, and microprecipitates, and hence have defect-revealing properties [6].
Because the performances of III-V devices are influenced by these defects,
etching may hence be used for quality control of semiconducting materials. In
many applications, multilayer structures of different III-V semiconductors that
are grown epitaxially on a III-V substrate by techniques such as metal-organic
chemical vapor deposition (MOCVD) are used. In the processing of these mul-
tilayer structures, it is often necessary to remove epitaxial layers selectively
with respect to other layers [7]. Wet etchants that exhibit this material selectiv-
ity, based upon a difference in reactivity of the etchant with respect to differ-
ent semiconductor materials, are available. Finally, in device fabrication, mask
etching is often employed. It allows well-defined patterns of etch grooves with
predetermined shapes to be obtained. For these process steps, wet etching is
also appropriate, because it is known that the shape of the etch grooves is deter-
mined not only by crystallographic factors, but also by the etching kinetics and
mechanisms.

For many years, etching recipes have been proposed mainly on an empirical
basis, that is, as the result of trial-and-error experiments. As a consequence of
the increasing variety in materials used (i.e., mixed III-V semiconductors com-
posed of more than one group III and/or group V element and with varying
composition) and in view of the quite different but very stringent requirements
of etching agents for various applications, it has been gradually realized that
for an efficient design of etching procedures, a deeper insight is needed into the
factors governing the rates of etching reactions and the resulting morphologies,
and hence into the mechanisms of etching of semiconductors. Obviously, this
objective is not only important from the technological point of view, but also
from the scientific. It was further realized that this fundamental approach to the
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etching of semiconductors should be electrochemical. Indeed, wet etching pro-
cesses in general take place at a semiconductor—electrolyte interface. Moreover,
in certain cases, etching is achieved by integrating the semiconductor as an elec-
trode into an electrochemical circuit and by drawing (mostly anodic) current
through the semiconductor—electrolyte interface. Even when the etching is per-
formed by simply immersing the semiconductor into the electrolyte solution, the
net dissolution reaction may be the result of electrochemical steps compensat-
ing each other electrically, but not chemically. Gerischer and co-workers [8-11],
on the occasion of their electrochemical studies on III-V semiconductors such
as GaAs, were probably the first to recognize the potential of semiconductor
electrochemistry for investigating the mechanisms of etching processes taking
place without any net current flow. In the last 15 years or so, the strategy that
consists of combining etch rate measurements with electrochemical studies on
the individual steps of etching reactions has been successfully applied to many
etching systems, mostly involving III-V semiconductors (for earlier reviews,
see, e.g., [12, 13]). The main reasons why III-V semiconductors are especially
suited for this line of research is first that most III-V compounds (in contrast
to most II-VI compounds) are available both as n-type and p-type semiconduc-
tors, allowing identification of the charge-transfer mechanism of electrochemi-
cal steps (see further). Second, in contrast to silicon, where one is for a greatly
restricted in aqueous media to fluoride or NaOH solutions, at III-V semicon-
ductors a large variety of chemicals can be investigated. Later in this chapter we
reveal how electrochemical studies may also help to unravel etching mechanisms
that are purely chemical; that is, that do not consist of electrochemical partial
reactions.

The outline of this chapter is as follows. Section 2 is devoted to the basic
principles and experimental methods of semiconductor electrochemistry. The
necessity of such a section is obvious from the foregoing considerations. In
Section 3, the four types of etching reactions—(photo)electrochemical etch-
ing, photoetching, electroless etching, and chemical etching—are introduced.
Section 4 is a short survey of relevant solid-state and electrochemical data on
III-V semiconductors. Section 5 contains a detailed discussion on the kinetics
and mechanisms of various etching reactions, representative of the previously
cited four types of reactions and taking place at different III-V semiconduc-
tor materials. In Section 6, the discussion pertaining to the etching kinetics
and mechanisms is focussed specifically on the problem of material selectivity,
which is important with respect to the etching of multilayer structures as previ-
ously mentioned. It is thereby demonstrated that it is essential to know the etch-
ing mechanisms to understand and predict material-selective etching. Section 7
pertains to the resulting macroscopic (i.e. at single crystal faces) as well as
microscopic (i.e. on the micrometer scale at mask edges) etch morphologies.
Both subjects are shown to be closely related; that is, the macroscopic etching
kinetics usually constitutes a good guideline for understanding and predicting
the shapes of etch profiles near mask edges.
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2. Semiconductor Electrochemistry: Basic Principles and
Experimental Methods

In this section, the basic principles of semiconductor electrochemistry are
briefly recalled. The discussion mainly is restricted to those aspects that are
relevant to the wet etching of semiconductors. We refer to the literature [14-17]
for more detailed treatments of this subject.

2.1. SEMICONDUCTORS

The electronic energy levels in semiconductors are grouped into energy bands.
The highest (nearly) occupied band is denoted as the valence band and is sep-
arated from the lowest (nearly) unoccupied band, the conduction band, by a
forbidden region of energy called the bandgap. The width of the bandgap E, is
thus given by

E,=E ~E, (1)

where E, is the energy at the bottom of the conduction band and E, is the
energy at the top of the valence band. Common values for the bandgap of semi-
conductors are between 1 and 3 eV. This range of values implies that under
equilibrium conditions at room temperature, only a minor fraction of the valence
band electrons will be able to get thermally excited from the valence band to
the conduction band and hence to create positive holes h™ (empty levels in the
valence band) and conduction band electrons e~ (occupied levels in the conduc-
tion band). Because these valence band holes and conduction band electrons are
mobile and therefore responsible for the electrical conductivity of the solid, the
band structure of most semiconductors is such that they normally are expected
to behave as insulators. However, impurities or imperfections in the solid often
give rise to localized energy levels in the bandgap. Two types of levels are
important with respect to semiconductivity. The first type is that of a donor
level; that is, a level close to the conduction band edge E, and filled with an
electron at 0 K. The majority of such levels will have donated their electron
to the conduction band at room temperature. If the crystal contains a typical
donor density N, of 10'® cm™* and the donor level is close enough to E_, the
density of conduction band electrons n will hence be approximately 10'® ¢cm™3
at room temperature, giving rise to so-called n-type semiconductivity. The sec-
ond type of localized level is that of an acceptor level; that is, a level not far
above the valence band edge E, and being empty at 0 K. At room temperature,
most acceptor levels will have extracted an electron from the valence band and
thus created a density of holes p, approximately equal to the acceptor density
N,. A material in which the conductivity is due to holes is denoted as a p-type
semiconductor. In certain cases, a solid material will be either an n- or a p-type
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semiconductor because it unintentionally contains a certain density of donors or
acceptors, respectively, due to the circumstances under which the crystal was
grown. Mostly, however, the material is made semiconducting by intentionally
doping it with impurities. For example, gallium arsenide can be made an n-type
semiconductor by doping with silicon and p-type by doping with zinc. Note that
it is not always possible to achieve a given type of semiconductivity by doping.
The distribution of electrons among the available energy levels of a solid at
thermodynamic equilibrium is described by Fermi statistics and characterized
by a parameter, the Fermi energy or Fermi level E,. An electronic level at the
Fermi energy has a probability of 0.5 of being filled. The chemical significance
of Ey is the electrochemical potential of the electrons divided by the Avogadro
constant (i.e., expressed per particle). Usually, the Fermi level is within the
bandgap and sufficiently distant (> 2kT) from the band edges. In that case,
the Fermi distribution can be approximated by the following Boltzmann-type
expressions for the densities of conduction band electrons and of holes:

n=N.exp[—(E, - Ep)/kT] 2)
or
Ep=E,+kTIn(n/N,) (3)
and
p=N,exp[(E, - Ep)/kT] 4)
or
Ep=E,—kTIn(p/N,) (5)

N, and N, represent the effective density of states at the bottom of the conduc-
tion band and at the top of the valence band, respectively.
From Egs. (1), (2), and (4), it follows that

np:Nchexp(_Eg/kT) (6)

Equation {(6) implies that at equilibrium, when n is relatively high (n-type semi-
conductor), p will be negligibly small and vice versa. However, nonequilibrium
conditions also must be considered. For example, when illuminating the semi-
conductor with photons that have an energy hv greater than E,, electrons will
be excited from the valence band to the conduction band, leading to an excess
of both electrons and holes but affecting, on a relative scale, primarily the den-
sity of minority carriers (holes in an n-type and electrons in a p-type semicon-
ductor). Under constant illumination, a steady-state density of minority carriers
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will build up, depending on the generation and recombination rates of electrons
and holes.

2.2. THE SEMICONDUCTOR-LIQUID SOLUTION INTERFACE

Wet etching of semiconductors implies reactions that occur at a
semiconductor-liquid solution interface. In most cases, an (aqueous) electrolyte
solution is involved. Therefore, we will first deal with the properties of the
semiconductor—electrolyte interface, and more specifically with the charge and
potential distribution at this interface.

2.2.1. Charge and Potential Distribution

Consider an electrochemical cell containing a semiconductor electrode SC,
and a large area counterelectrode consisting of a metal ME (e.g., Pt) and a ref-
erence electrode RF. For the sake of simplicity, assume that all three electrodes
are connected to wires consisting of the metal ME. The potential difference
¢(right)—¢(left) in the circuit

ME/RF/EL/SC/ME

is called the electrode potential V of the semiconductor. It is the sum of the
potential differences at the individual interfaces of the circuit. In what follows,
the potential differences across ME/RF/EL are considered to be constant. Also
the contact potential SC/ME can be considered to be constant for a given com-
bination of materials. The potential difference of interest here is ¢, defined
as the potential in the bulk of the semiconductor minus that in the bulk of the
electrolyte, and hence related to V by

V = quc/el ‘+‘ ct (7)
or, under varying V, by
dv = d¢sc/el (8)

An accumulation of charges at both sides of the SC/EL interface corresponds
to a given ¢, /. In what follows, assume that the electrolyte solution is concen-
trated (¢ > 0.1 mol 1'"). In that case, the charge at the electrolyte side of the
interface can be considered to be concentrated in the (outer) Helmholtz plane,
that is, the plane of closest approach of solvated ions to the semiconductor sur-
face, which is located at about 0.3 nm from the surface. The layer between the
surface and Helmholtz plane is called the Helmholtz layer H. It contains pri-
marily solvent molecules which are more or less oriented in the electric field at
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the surface. Therefore, the dielectric constant of the Helmholtz layer &y is gen-
erally assumed to be less than that of the free solvent; for water, for example,
a value of gy = 6 is commonly accepted.

The charge at the semiconductor side of the interface extends over a much
larger distance (see further), especially in the most important cases for semicon-
ductor electrochemistry, that is, when ¢, is either greater than 0 for an n-type
semiconductor or less than 0 for a p-type semiconductor electrode. A so-called
space—charge layer is present here. In the former case, this space—charge con-
sists of uncompensated ionized (positive) donors; in the latter case, it consists of
filled (negative) acceptors. One also speaks of a depletion region in these cases,
since the subsurface region and the surface of the semiconductor are depleted
of free charge carriers (conduction band electrons e~ for n-type; valence band
holes h* for p-type).

For a depletion layer in an n-type semiconductor, let us express the equilib-
rium number of conduction band electrons per unit volume n as a function of
depth into the semiconductor x; the x axis is taken perpendicular to the surface,
with the origin x = 0 at the surface (s) and the positive sense directed toward
the bulk (b) of the semiconductor.

Using Eq. (2), we can write for n at any value of the coordinate x,

n(x) = N.exp(—[E.(x) — E¢]/kT) )

with E (x) the energetic position of the conduction band edge at x.
Writing the expression, analogous to Eq. (9), for the bulk concentration of
electrons, n,, and dividing Eq. (9) by this expression, we obtain

n(x) = nyexp (—[E.(x) — E, ,]/kT) (10)

The energy difference E (x) — E, ,, is correlated to the corresponding potential
difference through

E(x)—E.,=—elop(x) - o) (11)

where e is the positive elementary charge. From Egs. (10) and (11), it follows
that

n(x) = ny exp (e[o(x) — ¢, 1/kT) (12)

Specifying to the conduction band concentration at the surface n,(x = 0), we
obtain

ng = n,exp ([e(p, — @,)1/kT) (13)

or, defining the potential drop in the space—charge layer of the semiconductor
Psc a8

Pse = Pp — @ (14)
n, = n,exp(—e@,/kT) (15)
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The analogous expression for the equilibrium concentration of holes at the sur-
face of a p-type semiconductor, p,, is

Ps = Do exXp (e¢sc/kT) (16)

Whereas the separation of charges at the interface SC/EL involves two
regions, that is, the space—charge layer within the semiconductor and the
Helmholtz layer, we can write

Pscrel = (¢b - <ps) + (QDS - ¢el)

Here, ¢, represents the potential in the bulk of the electrolyte and ¢y, represents
the potential drop across the Helmholtz layer. From Egs. (8) and (17), it follows
that, when one changes the semiconductor electrode potential V, for example,
by an external voltage supply connected between the semiconductor and the
counterelectrode, one changes, in principle, ¢, as well as ¢y;. Subsequently, we
will see that in many cases the change in ¢y is negligible. Anyway, according
to Egs. (15) and (16), this allows the concentrations of free charge carriers at
the surface to change. This point is important as far as semiconductor electrode
kinetics is concerned.

The change of the potential ¢(x) with distance into the semiconductor elec-
trode corresponds to a change in the position of the energy bands. The relation-
ship is given by an expression of the type of Eq. (11); that is, the energy bands
are bent in the space—charge layer. Figure 1 shows schematically the charge and
potential distribution as well as the band-bending in the case of an n-type semi-
conductor electrode that is positively charged with respect to the electrolyte. In
Figure 1c, the Fermi level is drawn horizontally, because it is assumed that no
current flows and hence the system is at equilibrium.

Let us now describe the potential distribution over the interface SC/EL more
quantitatively. We again consider the case of an n-type semiconductor polarized
positively, that is, ¢, > 0. The starting point of the derivation is the one-
dimensional form of the Poisson equation

d*¢(x)/dx* = —p(x)/ege (18)

where p(x) is the charge density at the position x. Integration of Eq. (18) from
x =0 to x > oo leads to an expression for the total charge per unit of surface
area in the space—charge layer Q,,

Qsc = Sog[dﬁp(x)/dx]x:o (19)

in which & represents the dielectric constant of the semiconductor (note that
[do(x)/dx], . =0).
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F1G. 1. Schematic representation of (a) charge distribution, (b) potential distribution, and (c) band-
bending at an n-type semiconductor electrode under depletion conditions.

On the other hand, p(x) can be expressed as

p(x) = e[Np — n(x)] (20)

where N, is the donor density. Assuming that all donors in the bulk of the
semiconductor are ionized (n, = Np), it follows from Egs. (12) and (20) that

p(x) = eND[l —exp("“"%ﬁi‘"—’l)} @1)
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Combining Egs. (18) and (21) yields

d’e(x) _ eNp ele(x) — ¢,]
=Dl _ Ay rhe 22
dx? e [ exP( kT ) 22)
Now consider the mathematical expressions
d P _ded
d(de _,d¢ede 23)
dx \ dx dx? dx
and hence
de\* d’¢
— ] =2 —=d 24
(dx) f a2 °¢ @4)

Application on Eq. (22) yields

The value of the integration constant follows from the condition (d¢/dx) =0

for ¢ = ¢,:
2eN, kT
0=-2% D<¢b~——)+ct (26)
€

Hence

() - 2w oo (2721} e

Specifying to x =0 and in view of Eq. (14),

de\’  2eN, kT ep, ]}
bkl - - - 28
(dx)x=o &€ [(PSC e |: GXp< kT) (28)

In the so-called Mott—Schottky approximation, it is assumed that e¢,, > kT, so
that the exponential term can be neglected, and Eq. (28) reduces to

do _ (2eNp)\"? kT\'"? 29)
dx ) o \ ge Py

Combination of Egs. (19) and (29) yields

Qs = (2608€Np) (@ — kT /€)' (30)
The countercharge of the space—charge is located in the Helmholtz plane:
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According to Eq. (18), because no charges are present within the Helmholtz
layer, the potential drop over this layer is linear,

de/dx = ct = ¢y/dy (32)

where dy, is the width of the Helmholtz layer (= 3 x 107!° m). Application of
Eq. (19) to the Helmholtz layer yields

IQHI = SOSH(pH/dH = Qsc (33)
From Egs. (30) and (33), it finally follows that

1/2
L A (4)
£0Ey e
The discussion of the relative contributions of ¢, and ¢y to ¢, [see Eq. (17)]
is somewhat hampered by the fact that the relationship (34) is not linear. As an
example, consider typical values of ¢, =0.2 V, N, = 10'° cm— = 10%? m ™3, and
& =5. Equation (34) then yields a value of ¢y = 8.8 x 107 V = 1 mV, which is
negligible with respect to ¢.. In most cases, ¢,y can hence be approximated
by ¢, and Eq. (7) can be approximated by

V= gosc/el +ct = Psc +ct (35)

The fact that the potential drop ¢, occurs practically exclusively over the
space—charge region of the semiconductor is due to the relatively low concen-
tration of charge carriers n, = N,, in the semiconductor. This can easily be seen
by repeating the preceding calculation for a typical metal such as silver, with
ny, = 6 x 102 m~3. Here, the potential drop is found to be predominantly over
the Helmholtz layer.

Note that in many cases the Helmholtz potential contains a potential-
dependent contribution that has not been considered in the foregoing derivation,
because surface charges are involved that are not due to the application of a
potential difference ¢, but to the establishment of an acid-base or an adsorp-
tion equilibrium at the surface (see further). This V-independent contribution is
hence included in the constant term of Eq. (35). It should be kept in mind that
this contribution can vary with the composition of the electrolyte (e.g., with pH).

In addition to depletion, other situations may occur at a semiconductor elec-
trode surface, depending on bias. In Figure 2, depletion, flat-band situation, and
accumulation are depicted for an n- as well as for a p-type electrode. One more
possible situatjon is not shown in the figure, that is, inversion. By inversion we
mean the following. In the case of an n-type electrode, for example, when the
positive bias is so large that the Fermi level at the surface is below the middle
of the bandgap, the equilibrium surface concentration of holes should exceed
that of electrons; that is, holes should be created at the surface. When the band-
bending is not too large, this inversion phenomenon is usually not observed with
wide-bandgap semiconductors.
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FiG. 2. Depletion, flat-band, and accumulation at n- and p-type semiconductor electrodes.

Note that when changes in the applied bias may be assumed to have no effect
on the Helmholtz potential drop, the potential at the electrode surface, ¢, can
be considered to be fixed with respect to a reference level in the electrolyte or
to the potential of the reference electrode, meaning that the band edges remain
fixed with respect to the corresponding reference level. Hence the bands in
the bulk of the semiconductor move up or down when the electrode potential
is varied. As will become clear in the following sections, knowledge of the
energetic position of the band edges at the surface E_ and E, ; is of crucial
importance to understanding the reactivity at the semiconductor-liquid interface.
This position can be determined from knowledge of the flat-band potential Vy,
that is, the potential of the semiconductor electrode with respect to the reference
electrode corresponding to the flat-band situation. Whereas in that case ¢, =0,
Vi corresponds to the constant term in Eq. (35), so that

V- Vfb = Py (36)

The flat-band potential measures the Fermi level of the semiconductor at the
flat band with respect to that in the reference electrode:

EF,ﬂ) = “eVﬂ’ (37)
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From Ey 4, the position of E, can be determined (for an n-type semiconductor),
provided that n (= N,) and N, are known [see Eq. (3)]. At values of the
electrode potential different from Vj, the position of the conduction band edge
at the surface, E_ , remains the same at the surface. The corresponding value
of E, ; is then deduced from Eq. (1).

The flat-band potential of a semiconductor electrode can be determined from
differential capacitance measurements at the circuit containing the semiconduc-
tor electrode and the counterelectrode, performed under conditions of depletion,
as will be explained in the next section.

2.2.2. Differential Capacitance

An electrical capacitance can be attributed to each of the interfaces of an
electrochemical cell and describes their ability to accumulate charges under
the influence of an applied potential difference. The different interfaces of the
electrical circuit that comprise the cell can be considered to be connected in
series, so that the total cell capacitance C is given by

c'=% ¢ (38)

where the C;s are the capacitances of the individual interfaces.

The way the cell capacitance is experimentally determined is usually by
applying a dc bias as well as a superimposed small ac signal between the semi-
conductor and the metal counterelectrode. Therefore, the circuit to be considered
in a three-electrode cell for capacitance considerations is the current-carrying
circuit

ME/EL/SC/ME

and the capacitance of interest is the differential capacitance dQ/de.

Assuming that the SC/ME contact is low ohmic, so that the corresponding
capacitance is short-circuited, and that the surface area of the contact ME/EL is
sufficiently large, so that, according to Eq. (38), the corresponding capacitance
can be neglected, the only capacitance to be considered is that of the SC/EL
junction,

In view of the foregoing considerations and of the approximate Eq. (35), the
cell capacitance per unit of surface area C can be written as

C= Csc/el = dQsc/d¢sc/el = dQsc/d‘psc (39)

By taking the derivative of Eq. (30) with respect to ¢, the following expression
for C is hence obtained:

1/2 —-1/2
kT
C= <__8°8;ND> (gosc - —) (40)
[4
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or
l 2 kT
o= o (-5 @)
goeeNp e
Inserting Eq. (36) into Eq. (41), the so-called Mott—Schottky relationship is
obtained:
1 2 kT
— = V—vﬂ,——) 42)
C?  gyeeN, e

This equation predicts a linear relationship between C~2 and the electrode poten-
tial V, which, in principle, allows the following data that are essential to the
study of electrode kinetics, to be obtained:

1. The point of extrapolation of the Mott-Schottky plot with the V-axis
leads to the determination of V.

2. The slope of the Mott—Schottky plot yields the donor density Np, pro-
vided that £ and the surface area of the electrode are known (remember
that C is the capacitance per unit area).

3. The knowledge of V, allows determination of ¢, at given V [see
Eq. (36)] and hence n, [see Eq. (15)].

4. Still under the assumption that the variation of ¢, with V is negligible,
the (fixed) position of the band edges at the surface E,_ ; and E, ; can be
determined; see Section 2.2.1.

Considerations that are analogous to the preceding can be held for a p-type
semiconductor electrode. The form of the Mott—Schottky relationship in this

case is
1 2 kT
— = -V+V, —— 43

C? soseNA< G e> (43)

Experimentally, it is often found that C at fixed electrode potential V depends
on the frequency f of the ac signal used, indicating that the foregoing assump-
tions made for an ideal Schottky barrier and on which this simple dertvation was
based are not always fulfilled. Whereas usually Mott-Schottky plots recorded
at different measuring frequencies more or less converge to a common point on
the potential axis, the flat-band potential can still be approximately determined
in such cases. For a recent discussion on this problem, see [18].

2.3. ELECTROCHEMICAL REACTIONS AT SEMICONDUCTORS IN
INDIFFERENT ELECTROLYTES

We now briefly discuss the current—potential behavior of semiconductor elec-
trodes immersed in an indifferent electrolyte solution, that is, in a solvent
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containing ions that do not react electrochemically. The discussion is restricted
to aqueous medium.

Figure 3a shows typical current density (j) vs. potential (V) curves for an
n-type semiconductor in darkness (curve 1) and under illumination with photons
having an energy hv > E, (curve 2). Curve 1 demonstrates the rectifying char-
acteristics of a semiconductor—electrolyte contact: in the anodic sense, a low
nearly constant current is observed (j typically between 1 nA ¢cm™2 and 1 uA
cm™?), whereas in the cathodic sense, the current rises exponentially when the
potential becomes more negative. Whereas the latter sense is that in which the
electron concentration at the surface increases exponentially [Eq. (15)], the elec-
trochemical reaction involved obviously requires the participation of conduction
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Fic. 3. Schematic current density vs. potential curves. (a) n-type electrode; (b) p-type electrode;
1, darkness, 2, light.
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band electrons (electron capture). [Note that usually this exponential current
range is found under depletion (V > V,,), due to the relatively high electron cap-
ture rate constant.] The corresponding reaction appears to be the reduction of
water molecules or of protons, resulting in hydrogen evolution. In certain cases,
a small fraction of the cathodic current is associated with the reduction of the
semiconductor material itself; for example, in the case of InP, the formation of
some metallic In is observed.

Curve 2 shows that the anodic current is greatly enhanced by illumination.
The difference between the current under illumination and that in darkness is
denoted as the photocurrent. The onset of the photocurrent curve is in a poten-
tial range that is positive to the flat-band potential. Considering the sense in
which the energy bands are bent under these circumstances, the occurrence of
a photocurrent can be interpreted as follows (Fig. 4a). The electrons and holes,
which are formed by absorption of photons, are separated by the electric field
in the depletion layer. The holes move to the surface, where they undergo elec-
trochemical reactions, and the electrons are drawn into the bulk and from there
into the external circuit (at V <V}, the holes formed by light immediately
recombine with electrons due to the large density of majority carriers at and
near the surface). Because the photoinduced charge carriers have a finite life-
time before recombining, holes created in a region behind the depletion layer,
denoted as the diffusion layer, also may reach the depletion layer and hence the
surface. In most cases, the reaction associated with the photocurrent is found to
be the anodic oxidation of the semiconductor material; in some cases, in aque-
ous media, the oxidation of the solvent to O, is involved (TiO,, SrTiO;). In
view of the scope of this chapter, we restrict the discussion to the anodic oxi-
dation of the semiconductor. Apparently, because this reaction does not occur
in darkness at n-type electrodes, at least the first step of this multiequivalent
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Fic. 4. Mechanism of photocurrent generation at n- and p-type semiconductor electrodes.
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oxidation reaction requires a valence band hole. Since the valence band is com-
posed of the bonding states of the semiconductor, holes at the surface corre-
spond to electrons being removed from surface bonds. The problem of whether
or not the subsequent steps are so-called hole-capture steps will be addressed
subsequently. The photocurrent curve exhibits an onset region (normally rather
close to the flat-band potential), the shape of which is mainly determined by sur-
face charge-carrier recombination, followed, at not too high light intensities, by
a saturation region in which the current density is governed by the rate at which
the holes are created by light and, therefore, it is proportional to the light inten-
sity. At higher light intensities, various types of alternative behavior may occur.
When the dissolution rate of the oxidation products is relatively low, the pho-
tocurrent may go through a maximum with increasing potential and then drop
to a lower level, where this typical passivating behavior is due to the forma-
tion of a product layer on the surface. Under certain circumstances, the anodic
oxidation reaction may require the participation of ions from solution for the
formation of soluble products {e.g., OH™ ions to form oxyanions); in that case,
at high light intensities, diffusion of these ions toward the electrode surface may
become rate-determining (see subsequent text).

Figure 3b shows typical j vs. V curves for a p-type semiconductor in dark-
ness (curve 1) and under illumination (curve 2). The cathodic current density is
low in darkness, but enhanced by light. Whereas under the given circumstances,
photogenerated conduction band electrons are drawn toward the electrode sur-
face (see Fig. 4b), it can again be concluded that the hydrogen evolution reaction
is a conduction band process. In the anodic sense, the current rises exponen-
tially. This can easily be understood by keeping in mind that the first step of the
anodic dissolution reaction occurs by hole capture. If the various steps of this
multiequivalent reaction are irreversible, the steady-state current density can be
written as

Jj=nFkp.c, (44)

where n is the equivalence of the reaction, F is the Faraday constant, k is the
rate constant of the first step, and ¢, is the surface concentration of the reactant
needed to form the soluble oxidation products. The exponential rise of j is then
attributable to that of p, with ¢ [Eq. (16)] and hence with V [Eq. (36)]. From
these equations, a rise of j by a factor of 10 per 60 mV potential increase is
expected. In most cases, for reasons that are not clearly established, the curve
is less steep than expected. Also here, passivation effects may occur at higher
current densities, due to layer formation.

It should be stressed that in case the anodic oxidation products are soluble,
the (photo)anodic reaction under consideration amounts to the electrochemical
etching of the semiconductor.

The equivalence » of the anodic dissolution reaction can be determined, based
on Faraday’s law, from the total amount of (photo)anodic charge drawn over a
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certain amount of time and the corresponding amount of semiconductor material
dissolved. The latter quantity can be determined after the passage of current,
either by analyzing the cell solution or by measuring the etch depth (using
a mask to cover part of the surface from the solution to make the difference
between the etched and the unetched surface visible). The value of n for a given
reaction in a given medium, combined with chemical considerations, then leads
to information on the oxidation products.

The question arises whether or not the subsequent steps of the (photo)anodic
oxidation reaction of semiconductors are hole-capture steps. Indeed, let us rep-
resent the capture of a hole in a surface bond of a semiconductor AB by the
reaction equation

A:B+h' > AeB (45)

The surface species A o B is then an oxidation intermediate that has an unpaired
electron that is no longer in a valence band level, but in a surface state, that
is, an energy level in the bandgap at the surface [19]. Therefore, A ¢ B may, in
principle, be further oxidized either by capture of a second hole,

AeB+h" — products (46)
or by injection of an electron into the conduction band,
A eB — e +products 47

[We do not specify here the nature of the surface products formed in reac-
tions (46) and (47). In most cases, several electrochemical steps are needed
before soluble products are formed.] Electron injection [reaction (47)] is
expected to occur only if the corresponding surface state is sufficiently close
to the conduction band edge, which in many cases seems to be rather
improbable [19].

Several methods may be used to investigate the contribution of electron injec-
tion to (photo)anodic dissclution. An appropriate technique for the photoanodic
dissolution of n-type semiconductors is intensity-modulated photocurrent spec-
troscopy (IMPS). At a constant potential in the photocurrent saturation region,
a harmonically modulated light source is superimposed upon the base illumina-
tion, creating a modulated hole flux toward the n-type semiconductor surface.
It has been shown that, due to the extremely fast separation of photogenerated
electron-hole pairs, the harmonically varying concentration of holes at the sur-
face is always in phase with the light source. In the absence of reaction step
(47), the current in the external circuit also is in phase with the light intensity.
If, however, the second step of the photoanodic dissolution reaction is reaction
(47) (for simplicity, we assume here that the overall reaction is two-equivalent),
the fact has to be taken into account that such an electron injection step is char-
acterized by a time constant, so that the current may lag behind with respect
to the modulated light intensity over a certain phase angle. Only at very low
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frequencies of the modulated light is the modulated injection current density in
phase with the light source. In contrast, at very high frequencies, the hole cur-
rent [reaction (46)] is measured exclusively. Hence by measuring the photore-
sponse as a function of frequency, the contribution of electron injection steps
to photoanodic dissolution can be detected. More quantitative considerations on
this method can be found in the literature [20, 21] and in further sections of
this chapter.

In addition to IMPS, electron injection during anodic dissolution of semi-
conductors may be investigated by other methods, which are summarized, for
example, in [13], some of which are discussed further in this text.

2.4. ELECTROCHEMICAL REACTIONS AT SEMICONDUCTORS IN
REDOX ELECTROLYTES

From the electronic point of view, an oxidizing agent in solution, ox*, can
be considered as an empty energy level, and the corresponding reducing agent
red*™! can be considered as a filled energy level (for simplicity in what fol-
lows, one-equivalent redox couples are considered). Cathodic reduction of an
oxidizing agent at a semiconductor electrode then amounts to electron transfer
from a semiconductor level to an empty level in solution; anodic oxidation of
a reducing agent amounts to electron transfer from a filled level in solution to
an empty level in the semiconductor. The generally accepted theory for these
processes was developed by Gerischer [14, 15]. The basic idea is that elec-
tron transfer occurs by tunneling through the Helmholtz layer, and thus occurs
between electron levels at equal energetic height. To understand electrochemi-
cal reactivity, the energy level distribution of the redox couple in solution with
respect to that in the semiconductor must be known. Due to the difference in
solvation structure between the oxidizing agent and the corresponding reduc-
ing agent, the energy of the most stable empty and filled redox states, E”, and
Er,, respectively, differs considerably. More specifically, it can be shown that
the empty level is higher in energy than the filled level over an amount 2A,,

E, —E}

red

=22, (48)

in which A,, the rearrangement energy, is related to the rearrangement taking
place in the solvation structure of the ion when this ion either takes up or gives
off an electron. Reliable data on A, are not currently available; values reported
in the literature often are between 0.4 and 1.2 eV, depending on the redox couple
considered.

Owing to fluctuations of the solvation shell of the ions, the redox energy
states do not constitute discrete levels, but are distributed over a certain energy
range. In Gerischer’s theory, the densities of energy functions are described by
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Gaussian functions, D,, and D,,, the widths of which are again determined by
the rearrangement energy of the redox couple

D,, ~ exp[—(E — E)’ /4AkT] (49)
and

Doy ~ exp[—(E — E,)’ /4X kT ] (50)

red
(see Fig. 5). It can be shown that the Fermi level of the redox couple at equal
activities of the oxidizing and the reducing agent, Ep .., is energetically mid-
way between the maxima of the empty and filled level curves:

Eo — Em

F, redox red

4N, =EN—A, (51)

Whereas E} .., [measured with respect to the Fermi level in the standard
hydrogen electrode (SHE)] is related to the standard redox potential of the
couple U° by

EO

F.redox —

—eU® (52)

the U° value can be used as a rough measure for the energetic position of
the redox levels. When also expressing the position of the semiconductor band
edges at the surface £, and E, ; with respect to the SHE, mutual compari-
son between energy level positions at both sides of the semiconductor-redox
electrolyte interface becomes possible, which is essential for discussing electro-

chemical reactivity.
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Fi6. 5. Gaussian curves that represent the energetic distribution of redox levels in solution.
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Since in principle, electrons for cathodic charge transfer may originate either
from the conduction band or from the valence band of the semiconductor elec-
trode, two types of cathodic reactions are possible:

ke,e _
ox’+e” — > red*”! (53)
and
ke
ox* — red* ! +h* (54)

The first type is the capture of a conduction band electron, a process that was
discussed previously (Section 2.3). Reaction (54) describes the uptake by the
oxidizing agent of an electron from the valence band of the semiconductor,
leading to the creation of a hole in that band; therefore this process is denoted
as hole injection.

Similarly, two types of anodic oxidation reactions may occur, depending on
whether the conduction or the valence band is involved, that is, electron injection
and hole capture [reactions (55) and (56), respectively]:

kﬂ.(‘
red*! — ox*+e” (55)
red®™ +ht —s ox? (56)

Whether or not cathodic or anodic current flow can occur depends on the relative
positions of the Fermi levels in the semiconductor and in the redox electrolyte.
If a reaction is thermodynamically possible and if the surface reaction is rate-
determining, the current densities corresponding to reactions (53)~(56) can be
expressed by the following respective equations, taking into account the sign
conventions for electrochemical currents:

—Je,c = €k, Coxlt (57
—Jeow = ke Cox (58)
Ja,c = €k Crea (59
Jav = €kg yCreaDs (60)

(cox and ¢4 Tepresent concentrations in the outer Helmholtz plane.)

The rate constants in these equations evidently depend on the relative posi-
tions of electron energy levels at both sides of the interface. For example, hole
injection requires that the empty redox levels overlap with the valence band of
the semiconductor and hence have a relatively low position in the energy dia-
gram. Considering Eq. (52), such behavior may be, in general, expected for a
(one-equivalent) redox couple that has a high standard redox potential; that is,
a relatively strong oxidizing agent.
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It also follows from these equations that the rate of the injection pro-
cesses (54) and (55) is expected to be independent of the electrode potential V
(as long as the position of the band edges at the surface is independent of V;
see subsequent sections). This means, for example, that hole injection, when it
occurs cathodically, also is expected to occur anodically. Anodically, however,
the consumption of the oxidizing agent cannot be measured as an external cur-
rent, but has to be detected by other methods. An appropriate method is rotating
ring-disk voltammetry (see, e.g., [22, 23]). In this method, the semiconductor,
in the shape of a circular disk, is concentrically surrounded by a thin metal
ring. Ring and disk are electrically insulated from each other and are incorpo-
rated in separate electrochemical circuits. This electrode setup can be rotated at
a controlled speed around an axis, perpendicular to the plane of the ring and the
disk and passing through the center of the disk. Due to the rotation, the solu-
tion flows from the bulk to the disk and from there to the ring, so that products
formed electrochemically at the semiconductor disk may be detected quantita-
tively through electrochemical reaction at the ring, that is, by measuring the ring
current.

The rates of the electron and hole capture reactions are proportional to the sur-
face concentration of electrons and holes, respectively [Egs. (57) and (60)]. At
p-type semiconductors, reaction (53) therefore does not occur in darkness, since
virtually no conduction band electrons are available. This reaction becomes pos-
sible under bandgap illumination however (cathodic photocurrent). The shape of
the photocurrent curve is analogous to that discussed in Section 2.3. At n-type
electrodes, the rate of reaction (53) is expected to increase exponentially when
V is lowered. [Also here, in many cases k. .. is sufficiently large so that the reac-
tion may occur under depletion (V > V) at considerable rates.] Similarly, hole
capture can occur in darkness at p-type electrodes only; at n-type electrodes,
illumination is required (anodic photocurrent).

In the case of two-equivalent electrochemical reactions, a particular class of
reactions—so-called current-doubling reactions—deserves special attention. The
current-doubling effect was first observed at the (n-type) ZnO electrode [24, 25].
At given light intensity, the limiting (anodic) photocurrent was found to be
approximately doubled when certain two-equivalent reducing agents were added
to the indifferent electrolyte solution. This effect was explained by a mechanism
analogous to that described by Eqs. (45) and (47) for the photoanodic oxidation
of n-type semiconductors (chronologically, the latter was observed experimen-
tally much later). The assumption is that the two-equivalent reducing agent A
captures a photogenerated hole from the electrode to form a radical-type inter-
mediate A** that has highly reducing properties so that the corresponding filled
redox levels are close to or above the conduction band edge so that in a second
step, the intermediate injects an electron into the conduction band to form A%*:

A+h* > A** (61)
At - A* 4o (62)
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In this way, for each photogenerated hole reacting at the surface, two electrons
flow through the external circuit. If, in an indifferent electrolyte, the photoanodic
reaction involves hole capture steps only, the saturation photocurrent is doubled
by adding the reactant.

Shortly after photoanodic current-doubling was detected, its cathodic coun-
terpart was also reported [26] on p-type GaP with two-equivalent oxidizing
agents (B) such as hydrogen peroxide and the persulfate ion. The reduction
mechanism can be denoted here as

B+e — B (63)
B~ — B* +h"* (64)

where B~ is a strongly oxidizing radical such as OH*® with empty redox levels
located near or below the valence band edge. In view of the electrochemical
approach for studying etching mechanisms, the latter type of current-doubling
reaction is especially important in the framework of this chapter on etching of
II-V compounds, because current-doubling oxidizing agents are often found to
be etchants for III-V compounds.

Two important remarks have to be made at this point. The first one is that
complications may arise in semiconductor electrode reactivity due to surface
states. As an alternative route to direct charge transfer as described previously,
charge transfer may occur in two steps, that is, first from the semiconductor
bands to surface states and then from surface states to redox species in solution
or vice versa. Furthermore, the filling or emptying of surface states may lead to
charge accumulation at the electrode surface and hence to the unpinning of the
band edges, with evident consequences on the magnitude of the electrochemical
rate constants.

The second remark is that at high current densities, mass transport may
become the rate-limiting factor of electrochemical reactions. Indeed, due to
the high reaction rate, the surface concentration of the oxidizing or the reduc-
ing agent may become considerably less than the bulk concentration, so that
the electrochemical reactant has to be transported to the surface by diffusion.
This leads to a potential-independent current density j; that, for rotating elec-
trodes in which the transport is by convective diffusion, obeys to the Levich
equation [23]

Jug = 0.155nFD*3(p/n)*w'?¢ (65)

In this equation, js is the limiting current density in amperes per centimeter
squared, n is the number of charge carriers involved in the reaction, D is the
diffusion coefficient (in meters squared per second), and ¢ is the concentration
(in moles per liter) of the rate-limiting species, p is the density (in kilograms
per cubic meter) and 7 is the viscosity (in kilograms per meter per second) of
the electrolyte solution, and w is the rotation rate of the electrode (per second).
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Hence, a limiting current can be identified as diffusion-limited if, at a rotating
(ring-) disk electrode, it is found to be proportional to the square root of the
rotation rate of the electrode. We recall that diffusion limitation may also occur
in an indifferent electrolyte; for example, in the (photo)anodic dissolution of
semiconductors in an alkaline medium, the current density may be limited by
diffusion toward the electrode of the OH™ ions necessary to form soluble anions
of the lattice constituents (see Section 2.3).

3. Types of Etching Reactions
3.1. (PHOTO)ELECTROCHEMICAL ETCHING

(Photo)electrochemical etching amounts to the (photo)anodic oxidation of the
semiconductor under conditions in which the oxidation products are soluble
(see Section 2.3). This type of etching has the practical disadvantage that the
semiconductor has to be incorporated into an electrochemical circuit; that is,
that electrical contact has to be made to connecting wires. On the other hand,
(photo)electrochemical etching also offers certain advantages. The amount of
semiconductor removed by etching can be controlled coulometrically, that is,
through the total anodic charge drawn, provided that the equivalence of the reac-
tion involved is known [cf. Eq. (44)]. Also, as mentioned later in this chapter,
well-determined morphologies (e.g., porous surfaces) may be induced by choos-
ing the appropriate range of applied potentials. Because holes are needed for
the anodic dissolution of semiconductors, this process occurs in darkness with
p-type semiconductors, whereas for n-type semiconductors, illumination with
photons of the appropriate energies is required; that is, the dissolution is pho-
toelectrochemical. Special advantages are in principle inherent to the latter pro-
cedure. Indeed, local photoelectrochemical etching of well-defined areas on the
semiconductor surface may be achieved either by using a thin light beam or
by covering chosen parts of the surface from the light. Also, when multilayer
structures consisting of semiconductor materials with different bandgaps are
involved, material-selective etching of a semiconductor with a narrower bandgap
with respect to one having a wider bandgap may be performed by choosing the
wavelength range of the light such that only in the former case are electron—-hole
pairs produced.

Next to (photo)electrochemical etching, three types of etching reactions can
be distinguished that involve no net current flow, which is obviously more attrac-
tive from the technological point of view: the semiconductor sample is simply
immersed in the etchant solution and, in certain cases, illuminated with light of
appropriate wavelengths. These three types of etching are photoetching, electro-
less etching, and chemical etching. The first type occurs under illumination; the
other two in darkness. The first two involve an electrochemical mechanism; the
third one does not. We now briefly introduce the principles and characteristics
of these three types of etching reactions.
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3.2. PHOTOETCHING

Consider again photoelectrochemical etching as depicted in Figure 4a, which
shows an n-type semiconductor under anodic bias and illuminated by photons
with energy larger than the bandgap. The photogenerated holes are assumed to
oxidize and hence to etch the semiconductor. The electrons flow through the
external circuit and reduce some oxidizing agent at the counterelectrode. In
the case of photoetching, there is no external circuit. (It should be noted here
that a certain confusion in terminology exists in the literature; therefore it is
stressed that by photoelectrochemical etching and by photoetching, we mean
etching under illumination with and without external current flow, respectively.)
Hence in photoetching, the photogenerated electrons have to be consumed at the
semiconductor—electrolyte interface; that is, they react with an oxidizing agent.
The levels of the oxidizing agent required for photoetching should hence over-
lap with the conduction band of the semiconductor (Fig. 6). The net photoetch-
ing process thus proceeds by an electrochemical mechanism that consists of
two partial currents (photoanodic dissolution of the semiconductor and cathodic
reduction of the oxidizing agent; Fig. 7a) that compensate each other electrically
but not chemically.

The corresponding reactions can be written as

hv — e~ +ht
SC+n h* — dissolution products

n (ox*+e” — red”™)

SC+n oxi s dissolution products 4 n red*™! (66)
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FIG. 6. Mechanism of photoetching.
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Fig. 7. Schematic representation of partial and total current density curves at an illuminated
semiconductor electrode in an electrolyte solution that contains an electron-capturing oxidizing
agent. (a) n-type; (b) p-type. Photoetching occurs at V..

(for simplicity, one formula unit of the semiconductor SC is assumed to be
oxidized by n holes, whereas the reduction of the oxidizing agent is assumed
to be one-equivalent).

Combination of etch rate and electrochemical measurements in principle
allows us to check whether this simple photoetching model holds. Indeed, in this
case, the open-circuit etch rate should correlate with the cathodic current den-
sity at open-circuit potential under illumination V. (see Fig. 7a), which can be
measured separately (e.g., by working with chopped light). From Figure 7a, it is
obvious that the open-circuit photoetch rate is determined by the relative posi-
tions of both partial current curves. A high photoetch rate, at given light inten-
sity and oxidizing agent concentration, implies a steep onset of the photocurrent
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curve and hence a relatively low surface electron~hole recombination rate and
a high electron capture rate constant k.. [see Eq. (57)].

Figure 6 equally applies to the photoetching mechanism at p-type semicon-
ductors. The corresponding partial current density curves are schematically rep-
resented in Figure 7b. The comments are analogous to those applying to n-type
samples.

The particular advantages of light-assisted etching are essentially the same as
those enumerated in the previous section.

3.3. ELECTROLESS ETCHING

Electroless etching occurs in darkness but is otherwise rather analogous to
photoetching as far as the mechanism is concerned. Indeed, here also the net
etching reaction is the sum of two electrochemical steps that cancel each other
electrically but not chemically. The anodic step is the same as in photoanodic
etching or in photoetching; that is, hole capture leads to dissolution of the semi-
conductor. The cathodic step is the injection of holes by an oxidizing agent. The
empty levels of the etching reactant must hence overlap with the valence band
of the semiconductor in this case. Under the same assumptions as those accom-
panying reaction Eq. (66), the electroless mechanism can be symbolized by

SC+n h* — dissolution products

n (ox* — red™™' +h*)

SC+ n ox? — dissolution products + n red*™’ (67)

that is, the holes injected by the oxidizing agent are consumed in the oxida-
tion reaction of the semiconductor. This mechanism is illustrated in Figure 8a
by a current density vs. potential diagram pertaining to a p-type semiconductor.
The diagram is based on the simple assumption that the hole injection current
is potential-independent (see Section 2.4). The actual etching conditions corre-
spond to the rest potential V,, which is a mixed potential, and imply that the
anodic dissolution current adjusts itself to the constant cathodic reduction cur-
rent. At V > V,, all injected holes are consumed in the etching reaction. At
potentials sufficiently negative with respect to V,, the injected holes lead to
cathodic current flow. In the case of an n-type semiconductor, where the cur-
rent is transported by conduction band electrons, the graphical representation
of electroless etching requires more attention. Indeed, in that case, the injected
holes constitute the minority carriers, so that the situation is similar to that under
illumination, where the holes are created by light. Hence, one has to construct
a fictitious anodic curve in the current-potential diagram (Fig. 8b) that has a
shape analogous to the photocurrent curve. At potentials close to the flat-band
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FiG. 8. Schematic representation of partial and total current density curves at a dark semicon-
ductor electrode in an electrolyte solution that contains a hole-injecting oxidizing agent. (a) p-type;
(b) n-type. Electroless etching occurs at V..

potential the injected holes recombine with electrons, which are here the major-
ity charge carriers. At more positive potentials, the injected holes remain at the
surface, where they oxidize the semiconductor. We note that, in contrast to the
case of photoanodic dissolution, in electroless etching, current flow takes place
when the holes recombine with electrons (the current is transported through
the n-type sample by conduction band electrons), whereas no net current flows
when the holes do not recombine. The fictitious anodic current-potential curve
in Figure 8b reaches a limiting value that is equal to the absolute value of the
limiting cathodic hole injection current (it is again assumed that the hole injec-
tion rate is potential-independent). The resulting current-potential curve does not
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tend to zero at positive potentials due to the contribution of electron injection
to the anodic dissolution reaction (see Sections 2.3 and 5.1) that causes a small
net anodic current. As a result, also with n-type semiconductors, a rest poten-
tial V, is defined (see Fig. 8b), at which the actual electroless etching occurs.
It can be seen from Figure 8b that the etch rate at V, corresponds to the limit-
ing current density of the fictitious anodic dissolution curve. This point will be
important in the discussion of the etch morphologies (see Section 7).

1t is obvious for electroless etching also that combining etch rate and elec-
trochemical measurements may lead to detailed insight into the reaction mech-
anism. This will be illustrated by selected examples further on in this chapter.

3.4. CHEMIcAL ETCHING

In a chemical etching mechanism, no free charge carriers from the semi-
conductor (i.e., neither conduction band electrons nor valence band holes) are
involved. The etching reaction amounts to the breaking of surface bonds of the
semiconductor by the etchant and the formation of new bonds between the semi-
conductor constituents and species from solution. For example, the first step of
the etching of InP by HCI can be represented by

Cl—H Cl H
|
—In—P———In P— (68)

/N /A

As this example shows, etchants operating by a chemical mechanism are not
necessarily oxidizing agents, although they mostly are. For instance, oxidizing
agents such as H,0O, and dihalogens act as chemical etchants.

Although chemical etching reactions are not composed of electrochemical
steps, electrochemical measurements can yield useful mechanistic information.
Thus, electrochemical data may allow us to decide whether the attack of a
semiconductor by an oxidizing agent in darkness is electroless or chemical,
especially when p-type samples are available. Indeed, if a given oxidizing agent
is found to etch the p-type sample under open-circuit conditions but not to
enhance the cathodic dark current and, hence, not to inject holes, then electroless
etching can be excluded, so therefore the mechanism must be chemical. If, on
the other hand, the etchant does inject holes, it is informative to measure the etch
rate under limiting cathodic current flow, that is, under circumstances in which
the injected holes are drawn into the semiconductor by the electric field so that
they cannot participate in etching. If the p-type sample is etched under these
circumstances, this must involve a chemical mechanism, so that at rest potential,
the etching will occur by both mechanisms in parallel. If, on the other hand,
the p-type sample is not etched cathodically, this does not necessarily mean
that chemical etching at rest potential can be excluded. Indeed, if the cathodic
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hole injection current is diffusion-limited, the competition for oxidizing species
between hole injection and chemical reaction may be such that the rate of the
latter becomes negligible.

These principles of investigation will be further illustrated by specific exam-
ples. As will be demonstrated later, identification of the etching mechanism(s)
is important in tackling problems of material-selective etching and of etch
morphology.

In case it is somehow established that an etching mechanism is chemical,
semiconductor electrochemistry may yield further details on this mechanism,
in the sense that it may distinguish between a concerted reaction [such as in
the example of Eq. (68)] and a sequential reaction. Indeed, if the etchant is an
oxidizing agent, it may first extract one electron from a surface bond, leaving
a radical-type surface intermediate. Anodically, in a second step, the remain-
ing surface electron may either be removed by the etchant or, if the position of
the corresponding surface level allows, be injected into the conduction band. In
certain cases, an increase in the anodic dark limiting current has been observed
with n-type semiconductors in contact with a chemical etchant (see further), and
this effect has been attributed to electron injection by surface oxidation inter-
mediates of the semiconductor and hence to a sequential etching mechanism.

4. Some Solid-State and Electrochemical Data
on III-V Semiconductors

The binary and mixed III-V semiconductors to which this chapter pertains
are listed in Table I, together with their crystal structures and their bandgap
values E, at room temperature. All these materials can be made either n-type or
p-type semiconducting by appropriate doping, although there are presently still
problems in making good quality p-type GaN samples.

In Figure 9, the unit cell of the zincblende structure is represented. This
structure belongs to the cubic system (class 43m) and has three inversion tetrad

TABLE 1

III-V SEMICONDUCTOR MATERIALS

Semiconductor Crystal structure Bandgap E, (eV)
GaAs Zincblende 1.43
GaP Zincblende 2.25
InP Zincblende 135
Aly,5Gay,5As Zincblende 1.75
Iny 5;Gag 4, As Zincblende 0.75
GaN Wurtzite 3.39

(when grown on sapphire)
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FiG. 9. The zincblende unit cell.

axes ([100], [010}], and [001]) and four triad axes such as the [111] axis shown
in the figure. In view of the discussion on etch morphology, it is important
to note that the triad axes are polar, so that a sample cut perpendicular to the
[111] axis has two faces that have different properties. The (111) face consists
of group III atoms and the (iﬁ) face consists of group V atoms exclusively.
The (100)-type faces, on the other hand, are mixed; that is, they contain group
III as well as group V atoms.

The wurtzite structure belongs to the hexagonal system (class 6mm). The
hexagonal axis is polar. A sample cut perpendicularly to this axis has a (0001)
face consisting of atoms of one constituent (Ga in the case considered) and a
(0001) face consisting of the other constituent (N in the given case). In both
structures, each atom is surrounded by four atoms of the other kind.

Figure 10 is an energy scheme that shows the energetic position of the band
edges (referred to the SHE scale) of the six semiconductor materials consid-
ered. The data pertain to an indifferent aqueous medium at pH = 0 and were
obtained from differential capacitance measurements, as explained in Section 2.
The sources are as follows: for GaAs, [18, 27]; for GaP, [27]; for InP, [18, 28];
for Aly,sGagqsAs, [29]; for Ing;Gay ;As, [30]; for GaN, [31]. In all these
cases, the band edges were found to shift upward over about 0.06 eV per
unit pH increase, indicating that acid—base equilibria are established at the
semiconductor—electrolyte interface [27]. The positions shown should be con-
sidered as approximate only. Indeed, in certain cases the flat-band potential and,
hence, the energy band positions were found to differ, depending on the crystal
face exposed to the electrolyte. Also several cases have been observed in which
the bands may shift by adding redox components to the electrolyte solution, due
either to adsorption at the semiconductor surface or to more complex processes
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Fi6. 10. Energy band edge positions for different III-V semiconductors and standard Fermi levels
for different redox couples referred to the SHE; aqueous medium; pH = 0.

such as holes being injected by an oxidizing agent and being held at the surface.
Such cases will be discussed on the occasion of the specific examples given
further in the text.

The left-hand side of Figure 10 shows the standard Fermi level {see Eq. (52}]
of some common redox couples. Mutual comparison of the energy levels at both
sides of the interface is essential for discussing the possibility of charge-transfer
reactions. As far as the kinetics are concerned, it should be kept in mind that for
one-equivalent redox couples, the empty levels are mainly above and the filled
levels are mainly underneath the levels drawn [see Egs. (49) to (51)], and that
for two-equivalent redox couples, the E7 ;. values shown are actually values
averaged over the two steps of the reaction, each of which is characterized by
a Fermi level and by two Gaussian level distribution curves of the type of Egs.
(49) and (50).

5. Kinetics and Mechanisms of Etching Reactions at
III-V Semiconductors

5.1. (PHOTO)ELECTROCHEMICAL ETCHING

Anodic current flow at p-type and photoanodic current flow at n-type III-V
compound semiconductors at either low or high pH and not too high current
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densities lead mostly (see subsequent text) to the anodic dissolution and hence
to etching of the semiconductor. At high current densities or in the intermediate
pH range, the electrochemical oxidation of the semiconductor may lead to pre-
cipitation of products upon the surface and hence to passivation of the electrode.

Several studies have been devoted to the electrochemical equivalence of the
anodic dissolution reaction, that is, to the number of elementary charges n flow-
ing through the external circuit per formula unit of semiconductor dissolved.
Values of n =6 have been reported for GaAs [8], GaP [32, 33], and InP [34, 35],
as well as for the mixed semiconductors Alg,;Ga,;sAs [36] and Ings; Gagy 4,AS
[37]. It hence follows that in all these cases the elements involved go into solu-
tion in the 43 oxidation state. This result is somewhat surprising as far as phos-
phorus is concerned, considering the negative standard redox potential of the
(H,PO,, H,PO,) couple (U° = —0.276 V vs. SHE). Since PO} and PH; have
been detected in solution [32, 38] in the anodic dissolution of GaP, it has been
suggested that the H;PO, or HPO;™ formed electrochemically reacts further
homogeneously in solution by chemical disproportionation to H;PO, and PH,.
As far as GaN is concerned, recent results demonstrate that n =3 [31, 39], indi-
cating that the oxidation products are Ga in the trivalent state and N,. It should
be mentioned that certain authors claim that the photoanodic reaction at n-GaN
in aqueous indifferent (H,SO,) electrolyte is H,O oxidation [40]. This appar-
ent contradiction in the data may be due to a difference in behavior between
the two polar faces perpendicular to the [0001] axis [31] in the sense that, pre-
sumably, the N-terminated (0001) face is etched photoanodically, whereas the
Ga-terminated (0001) face is not. Whether the free surface is the (0001) or the
(0001) face seems to depend on the circumstances under which the GaN film is
grown. The growth occurs by MOCVD from (CH;),Ga and NH, upon a sap-
phire substrate. Gallium-terminated films can apparently be obtained only when,
at the initiation of growth, all traces of ammonia have been removed from the
reactor.

On the basis of these summarized results and taking into account the chem-
istry of the elements involved in strong acidic and alkaline aqueous media [41],
the following overall reaction equations can be proposed for the anodic disso-
lution of the binary III-V semiconductors under consideration:

At low pH,
GaAs+2 H,0+ (6 —x)h™ — Ga** +HAsO, +3 H +x e~ (69)
GaP+3 H,0+ (6 — x)h" — Ga’" + H,PO; +3 H™ + xe~ (70)
InP +3 H,0+ (6 — x)h" — In** + H,;PO; +3 H' +xe~ (71)

GaN+ (3—x)h* — Ga’* + N, +xe~ (72)
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At high pH,
GaAs+10 OH + (6 — x)h* — GaO™ 4+ AsO; +5 H,0+ xe~ (73)
GaP+11 OH™ 4 (6 — x)h* — GaOj™ + HPO;™ +5 H,0+ xe~ (74)
InP+9 OH™ + (6 — x)h* — InO; +HPO™ +4 H,0+ xe~ (75)
GaN+6 OH™ + (3 —x)h* — GaO]™ + IN, +3 H,0+ xe” (76)

The symbol x is used to take into account the possible participation of elec-
tron injection into the anodic oxidation reaction, a problem that is discussed
subsequently.

In parallel with the foregoing reactions, other reactions may contribute to the
anodic current to a minor extent. Thus, an enrichment in As at the GaAs elec-
trode surface after anodic current flow has been demonstrated by various exper-
imental techniques [42, 43]. Hence, it must be concluded that three-equivalent
oxidation of GaAs occurs to a small extent in parallel to the six-equivalent oxi-
dation. In the intermediate pH range, the formation of an anodic oxide film on
the electrode surface is often observed; that is, on GaAs, film formation in a
weakly alkaline medium (pH = 11.5) was reported and attributed to slow dis-
solution of the Ga,0, and As,0, formed anodically under these circumstances
[44]. Thicker passivating layers on GaAs have been produced under various con-
ditions. At n-GaN, a photoanodic current decrease due to Ga,O; formation has
been observed even in strongly acidic or alkaline media, indicating slow disso-
lution kinetics {31]. In view of the scope of this chapter, the focus is primarily
on circumstances in which layer formation does not occur.

From various experiments (see subsequent text), it follows that electron injec-
tion into the conduction band contributes to the (photo)anodic dissolution reac-
tion only to a minor fraction in the case of GaAs [10, 45], GaP [33, 38, 46],
and GaN [31]; that is, that x < 1 in Egs. (69), (70), (72), (73), (74), and (76).
In the case of n-InP, IMPS studies (see Section 2.3) have demonstrated that this
fraction depends on the total photocurrent density and may be very significant
[47,48]. Indeed, the ratio of the total photocurrent density j vs. the part of it
due to hole capture j, has been found, for n-InP in an acidic medium, to range
from 1.2 at high light intensities [implying x =1 in Eq. (71)] to 2 at very low
light intensities [implying x = 3 in Eq. (71)]; see, for example, Figure 11. This
means that at low light intensities, three of the six electrochemical steps are
hole-capture steps and three are electron-injection steps. At first, this suggests a
sequence consisting of a hole-capture step leading to the formation of a radical-
type oxidation intermediate, followed by the injection of an electron by that
intermediate, again followed by hole capture in a new surface bond, etc. How-
ever, from a detailed analysis of the IMPS data [47], it follows that three sub-
sequent electron-injection steps are involved, indicating a more complex anodic
dissolution mechanism. The decrease in j/j, from 2 to 1.2 with increasing light
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Fic. 11. Ratio of the total photocurrent density vs. the hole current density, j/j,, as a function
of the hole current density, j,, measured by IMPS at n-InP in 1.2-mol 1=’ HCL. The solid and the
open symbols refer to measurements on two different electrodes. The curve has been calculated
based on the assumptions mentioned in the text. Reprinted from Electrochim. Acta 38, B. H. Emé,
D. Vanmaekelbergh, and I. E. Vermeir, pp. 2559-2567, ©1993, with permission from Elsevier
Science.

intensity can be understood by assuming that for two electrochemical oxidation
steps, a competition exists between electron injection and hole capture, the lat-
ter step being increasingly favored when the hole concentration at the surface,
and hence the total photocurrent density, increases. The fact that even at very
high photocurrent densities one step still occurs exclusively by electron injec-
tion leads to the conclusion that for this step, competition with hole capture is
absent, the reason presumably being that the corresponding electron level (sur-
face state) is located above the conduction band edge. The IMPS data also allow
us to estimate the magnitude of the electron-injection rate constants associated
with the photoanodic dissolution of n-InP. It was found that in 1-mol 17! HCl
medium, the rate constants are significantly larger (over a factor of 20-200) than
in 1.3 mol 17! H,SO, [48]. Apparently, the presence of Cl~ ions gives rise to
decomposition intermediates with positions more favorable for electron injec-
tion as compared to those formed in SO}~ containing solutions. It can hence
be concluded that the properties of the surface states associated with the anodic
decomposition intermediates of InP are influenced by the surface chemistry.
The same conclusion follows from the observed enhanced electron-injection rate
during photoanodic dissolution of n-InP in the presence of H,0, [48].
Experimental results obtained at the n-In, 5;Ga, 4, As electrode in aqueous 1.3
mol 17! H,SO, solution indicate that here, also the contribution of conduction
band electron injection to the photoanodic dissolution reaction may be impor-
tant when the photocurrent density is low [37]. All this suggests that efficient
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electron injection during photoanodic dissolution of III-V compound semicon-
ductors may be connected to indium-related surface states.

There are strong indications that, in certain cases, a mixed chemical-
electrochemical dissolution mechanism of III-V semiconductors occurs. As far
back as 1969, Gerischer et al. [10, 11] reported an accelerating effect of Br,
upon the anodic dissolution of p-type GaAs, in the sense that the onset of
the anodic current density curve was shifted toward less positive potentials as
compared to the curve in an indifferent electrolyte. If the position of the band
edges is unaffected by adding the oxidizing agent, this implies that at the same
band-bending (i.e., the same hole concentration at the surface p.) the anodic
current and hence the corresponding rate constant is larger (see Section 2). The
authors interpreted this effect as follows. It is generally accepted that the first
hole-capture step in the anodic oxidation reation is rate-determining as a conse-
quence of the high activation energy for breaking an intact surface bond. Since
Br, is known to be a chemical etchant for GaAs, Gerischer et al. then assumed
that, in the presence of Br,, the slow first electrochemical step is substituted
by a faster chemical bond-breaking step (or more likely, that the first two steps
are substituted). Afterward, the same effect was observed with several other
systems, including p-GaP-aqueous Br, [49], p-GaP-methanolic Br, {50], and
p-InP-aqueous HIO, [51]. Such a negative shift of the anodic dissolution curve
may serve as an indication that the oxidizing agent involved acts as a chemi-
cal etchant under open-circuit conditions. It should be checked by performing
impedance measurements, however, whether the observed shift is due to an arte-
fact, that is, to a shift in flat-band potential caused by the interaction of the oxi-
dizing agent with the semiconductor surface. A particularly interesting case is
that of p-GaP-Br, in methanol [50]. By adding Br, to the methanolic solution,
the anodic dissolution curve of (111) p-GaP was found to shift up to 0.6 V on
the potential scale referred to the flat-band potential, indicating that the preced-
ing interpretation holds. At the (111) p-GaP face, however, no such effect was
observed, in agreement with the observation that the open-circuit rate of etching
by Br, at the (111) face is much lower than at the opposite polar face [i.e. the
(iﬁ) face]. However, rotating ring-disk experiments showed an increased Br,
consumption at the (111) face under anodic current flow. Moreover, the electro-
chemical equivalence of the anodic dissolution reaction was found to be about
4 in the presence of Br,, in contrast to the value of 6 measured in an indifferent
electrolyte. All these data strongly indicate that a mixed dissolution mechanism
holds here also, but the first oxidation steps are hole-capture steps, and two fur-
ther steps are chemical; that is, chemical attack of the (111) face by Br, can
occur only after bond cleavage has been initiated by holes.

It is evident that formulas such as Eq. (69) or (73) merely describe the overall
anodic etching reactions and that these reactions involve various decomposition
intermediates as well as chemical steps in which (in an aqueous medium) H,O
molecules or OH™ jons participate. Several experimental approaches based on
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electrode kinetics have been used to obtain more detailed information on the
anodic or photoanodic dissolution mechanisms of III-V semiconductors.

One of these approaches consists of studying the kinetics of the competition
between the (photo)anodic dissolution reaction of the semiconductor and the
capture of holes by a one-equivalent reducing agent such as the Fe’" ion or
a Fe(I)-based complex. Interest in this subject was originally connected with
the field of electrochemical solar energy conversion. Indeed, in 1975, Gerischer
[52] proposed a type of solar cell based on a semiconductor electrode, called
a regenerative or photovoltaic electrochemical cell, in which a dissolved reduc-
ing agent was photoanodically oxidized by holes at an n-type semiconductor
electrode, while the corresponding oxidizing agent was reduced back at a dark
counterelectrode, the net result being the conversion of solar energy into elec-
trical energy. In view of the matching of the bandgap of the semiconductor
with the spectral distribution of sunlight, GaAs and InP seemed to be the most
suitable candidates for use as photoactive electrode materials. However, it was
soon realized that one of the main problems with such cells was the stability of
the semiconductor material with respect to photocorrosion, that is, in addition
to hole capture by the dissolved reducing agent, reactions such as (69) or (71)
take place also. To optimize the competition between both reaction types in
favor of the added reducing agent, thorough kinetic studies were made in which
the competing rates were investigated as a function of reducing agent concen-
tration, pH, solvent composition, and light intensity. These investigations were
carried out mainly by rotating ring-disk measurements; see Section 2.2. For a
review on the results, see, for example, [13]. The fact that in nearly all cases
the competition was more in favor of the photoanodic dissolution reaction when
the light intensity was higher turned out to be an especially important clue as
far as the competition mechanism is concerned. Indeed, if both reactions were
simply occurring in parallel, they both would be first order in photogenerated
holes [see Egs. (44) and (60)], so that the competition would be light-intensity
independent. A detailed analysis revealed the central role of the decomposition
intermediate Xf, formed when an intact surface bond of the semiconductor cap-
tures a hole from the valence band. For example, for GaAs,

GaAs+h' — X/ 77

where X is a surface bond with one electron missing. Many of the kinetic data
could be explained by assuming that the dissolved reducing agent is not oxi-
dized by a hole, but by donating an electron to X}, hence restoring the surface
bond. More importantly in the present context, in most cases involving GaAs
the kinetics indicated that the intermediate X; and not the free hole h* consti-
tutes the mobile species participating in the consecutive steps of the dissolution
reaction, so that it must be concluded that the intermediate X is mobile within
a two-dimensional layer; in other words, that a bonding electron may jump from
an unbroken surface bond to a neighboring electron-deficient bond.
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More insight into the surface chemistry involved in the anodic dissolution
reaction was obtained by studying the competition kinetics under conditions
of varying pH and water activity, the latter being varied by adding large con-
centrations of a highly hydrated salt such as LiCl or by using mixed solvents
such as water—methanol or water-acetonitrile. The results, which were primar-
ily obtained on GaAs and GaP, led to a comprehensive model, proposed in [53].
The model assumes that after reaction (77), a chemical reaction between X
and water occurs:

X} +mH,0 = X,—OH+H*(H,0),,_, (78)

In this reaction, m water molecules react with the mobile and positively charged
intermediate X, giving rise to a neutral intermediate X,—OH and a solvated
proton. The intermediate X,—OH is then supposed to be immobile since it con-
tains an OH group attached to the surface. The equilibrium (78) is thought to
play a key role in the dissolution mechanism. For GaAs in an acidic aqueous
medium, this equilibrium is supposed to be positioned somewhere in the mid-
dle, so that the second step of the photoanodic dissolution reaction is between
X,—OH and XT. In contrast, for GaP, this equilibrium is assumed to be posi-
tioned far to the right (i.e., practically no mobile intermediates are available),
so that here the second oxidation step is between X,—OH and a free hole. The
observed changes in competition mechanism induced by decreasing the water
activity can then be explained as consequences of equilibrium (78) being shifted
toward the left.

The conclusions just mentioned were largely confirmed from independent data
obtained by quantitatively studying the enhancement of the anodic dark current
density at n-type electrodes, caused by hole injection. Indeed, as mentioned in
earlier sections, under anodic bias, holes injected into an n-type semiconductor
by an oxidizing agent in darkness are consumed, just like at rest potential, in the
anodic dissolution reaction of the semiconductor. If the latter reaction involves
the valence band solely, the anodic blocking current will remain unchanged
by adding the hole-injecting reactant. Any participation of conduction band
electrons in the dissolution reaction will show up as an increase in the dark
anodic limiting current density. By this method, it has been demonstrated that
the conduction band contributes considerably to the anodic dissolution reaction
in the case of InP and In, 5;Ga, ,;As (as confirmed later by IMPS measurements;
see preceding text), but only to a minor fraction (on the order of per thousand to
per hundred) to the anodic dissolution of GaAs and GaP. Because j,, the anodic
current density increase, was found to increase with temperature (for GaAs and
GaP) [45, 46], this process is believed to be activated; that is, the electron must
be thermally excited from the surface state associated with the decomposition
intermediate to the conduction band before injection can occur.

Measuring the relationship between the additional anodic current density j,
and the cathodic hole injection current density j, constitutes a powerful probe
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for investigating the dissolution mechanism. The basic assumption used in the
interpretation of such relationships, obtained on GaAs and GaP, is that the
anodic current increase is due to injection of an electron by the first decom-
position intermediate, X/, into the conduction band. Analysis of the results by
standard steady-state kinetic treatment then leads to conclusions that confirm
those obtained by studying the competition kinetics [54].

Recall at this point that anodic electron injection by dissolution intermedi-
ates can be observed not only as a consequence of hole injection (i.e., of elec-
troless etching), but alternatively as a consequence of chemical etching (see
Sections 3.4 and 5.4). Analogously, as before, quantitative studies of the rela-
tionship between the injection current density j, and the chemical etch rate may
yield important information on the etching mechanism, as will be shown further.

5.2. PHOTOETCHING

The simple model for electroless photoetching, as proposed in Section 3.2,
appears to hold in the case of the InP-Fe>* system in an acidic medium [55, 56].
The partial current densities at the rest potential were determined as follows.
The illuminated n- or p-type InP electrode in an Fe’-containing solution was
held at the potential at which the net current was zero (rest potential). Then the
light was abruptly shut off. The value of the current density immediately after
interruption of the light yields the partial “dark™ current density, corresponding
to cathodic Fe** reduction in the n-type case and to anodic dissolution of the InP
in the p-type case (see Fig. 7). The reason the light has to be shut off abruptly
is that the energy bands may shift under illumination, so that the “dark” partial
current density under illumination may be different from that in darkness. An
alternative procedure consists of working with chopped light (see subsequent
text). The (photo)anodic partial electrical current density at rest potential j, was
then compared to the photoetch rate, the latter being determined analytically.
To enable the comparison between both quantities, the photoetch rate ., was
converted into an etch current density j,., through the relationship

jelch = nFretch (79)

where n is the number of charge carriers involved in the anodic dissolution of
one formula unit of InP, equal to 6 [see Eq. (71)]. Figure 12 demonstrates the
good quantitative correlation between the electrical and the etch current densities
and hence the validity of the simple photoetch model of two compensating
partial currents. Also according to this model, the photoetch rate is expected to
be higher as the onset of the anodic dissolution curve is shifted toward negative
potentials and the onset of the cathodic reduction curve is shifted toward positive
potentials. This prediction is fulfilled in the given case, because the photoetch
rate was found to be considerably higher in a HCl medium than in H,SO, or
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FiG. 12. Photoetch current density obtained form etch rate measurements, jj‘c", vs. partial electrical
current density, j¢' measured at rest potential at n-InP in aqueous FeCl; +HC] (pH = 0). O, (Hi)
face; A, (111) face. Reprinted from J. Electrochem. Soc. 142, 1. E. Vermeir, W. P. Gomes, and
P. Van Daele, pp. 3226-3232, 1995. Reproduced by permission of the Electrochemical Society, Inc.

in HCIO,, and corresponding voltammetric results show that in a HCI medium,
both currents are shifted favorably as compared to H,SO, or HCIO, media.
Considering the general reaction scheme for simple photoetching [Eq. (66)], the
anodic reaction here is Eq. (71) and the cathodic reaction is

Fe't +e” — Fe?* (80)

In view of the discussion in Section 7, it is worth mentioning that at the same
light intensity, the photoetch rate at the (111) face is much lower than that at
the (111) face [56]. This difference between both polar faces is well known for
dark etching, but rather surprisingly holds as well for photoetching in the given
case.

Results similar to those outlined previously were obtained for GaP in alka-
line OBr~ solution [57]. The partial reactions are now Eq. (74) and the
reduction of OBr~, which appears to involve the current-doubling mechanism
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Fig. 13. Voltammograms, obtained at n-GaN in aqueous 1-mol 17! KOH with chopped illumi-
nation. Curve a, light off; curve b, light on. V,_ is the open-circuit potential under illumination.
Courtesy of I. M. Huygens, unpublished results.

(see Section 2.4):
OBr  +¢ +H,0 —» Br*+2 OH"~ (81)
Br* — Br +h”* (82)

Also in the case of (0001) n-GaN, photoetching can be achieved in aque-
ous alkaline-indifferent electrolyte [31]. This is visualized in Figure 13, which
shows voltammetric results in 1-mol 1-! KOH obtained with chopped illumina-
tion. Curves a and b connect the points with the light off and on, respectively.
The potential indicated in the figure represents zero net current under illumina-
tion. This situation results from two mutually compensating currents, that is, the
dark cathodic current and the photoanodic dissolution current, corresponding to
reaction Eq. (76), the net result being the photoetching of GaN. The oxidizing
agent in indifferent electrolyte is H,O and/or residual dissolved O,. This pho-
toetching effect is essentially due to the fact that the onset of the dark cathodic
J vs. V curve is situated in a potential range that is markedly positive with
respect to the flat-band potential, implying a very high reactivity of conduction
band electrons toward the oxidizing agent. Note that in acidic media, no such



256 WALTER P. GOMES

high reactivity of conduction band electrons occurs and hence no photoetching
of GaN is observed. Presumably, a special reaction pathway exists in alkaline
media through surface states, the presence and/or activity of which is somehow
controlled by the surface chemistry.

Due to the high chemical stability of GaN, etching recipes for this semicon-
ductor material are scarce, so the proposed photoetching procedure constitutes
an interesting possibility for wet processing of GaN in device technology. We
recall, however, that it is very likely that this possibility may not exist as far as
the (0001) face is concerned, because the photoanodic current does not involve
dissolution of the GaN (see Section 5.1).

Photoetching processes do not always consist of a simple superposition of an
anodic and a cathodic partial process, and may exhibit various types of com-
plications. First, even in the “simple” case of the photoetching of GaP single
crystals in alkaline OBr™ solutions, the situation is actually more complex than
depicted, because in n-type crystals, the photoetching process itself induces a
hole injection reaction and hence an electroless etching effect [57]. Initially,
OBr~ is reduced at the GaP surface via the previously mentioned current-
doubling mechanism. However, during the reduction of OBr™ ions, Br® radicals
are formed as intermediates [cf. reaction (81)], which appear to initiate an auto-
catalytic reaction mechanism: surface states are formed, through which holes
are injected into the valence band (at least at not too high OBr~ concentra-
tions). These surface states, which are experimentally detected as a peak in the
capacitance—potential plot [57, 58], are believed to be associated with adsorbed
OBr~. Furthermore, voltammetric experiments demonstrate that these surface
states can be annihilated by a sufficiently large concentration of holes at the sur-
face. The latter effect may explain why this induced electroless etching effect
is not observed at p-GaP, since in this case the holes are the majority carriers.

Another more complicated case is the photoetching of GaAs by several two-
or multiequivalent oxidizing agents such as H,0,, Br,, OBr~, OCl™, S,0;",
and CrO,-HF [12, 59-66]. The mechanisms of the etching reactions appear to
be rather complex. The oxidizing agent was found to react at the semiconduc-
tor through various pathways, such as chemical etching, hole injection, electron
capture followed by hole injection (current doubling), and hence photoetching.
A model has been proposed in which these reactions were supposed to be mutu-
ally linked via a common precursor, that is, a chemisorbed surface complex
formed by transfer of an electron from a surface bond to the oxidizing agent.
A more detailed discussion on the competing reactions subsequent to the for-
mation of the precursor will be given later in this chapter.

Particularly interesting features have been observed in the photoetching
of n-GaAs surfaces that are partially illuminated with laser light [65,66].
Photoetching occurs only at the illuminated spots with a quantum efficiency that
is considerably higher than under uniform illumination (in the latter case, the
quantum efficiency is usually low because the rest potential is generally situ-
ated in the onset region of the photocurrent curve; see Figure 7). The quantum
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=fficiency increases with the ratio of dark vs. illuminated surface area and may
reach a value of 1 when this ratio is sufficiently high. It was shown experi-
mentally that anodic dissolution proceeds in the illuminated area only, whereas
electron capture by the oxidizing agent necessary to maintain charge neutral-
ity takes place all over the surface, the reason being that the electrons are the
majority carriers so they are available anywhere at the surface. For that reason,
a high dark vs. illuminated area ratio leads to high quantum efficiencies. The
photoetching mechanism thus amounts to the operation of a corroding short-
circuited photogalvanic element.

5.3. ELECTROLESS ETCHING

When a given oxidizing agent etches a semiconductor at the rest potential,
it can be concluded that the etching mechanism is purely electroless if, first,
the reactant is observed to cause a limiting cathodic dark current at a p-type
electrode (demonstrating that hole injection takes place) and if, second, no etch-
ing occurs when this limiting cathodic dark current flows [indicating that no
(chemical) etching occurs when all injected holes are drawn into the bulk of the
sample]. In fact, the latter criterion is unambiguous only if the hole-injection
current is not limited by diffusion of the oxidizing agent, since in the opposite
case, the possibility should, in principle, be considered that chemical etching
is prevented because of the competition for the diffusing species by the hole-
injection reaction. Because cases have been observed where the hole-injection
rate is lower at the rest potential than under limiting cathodic current flow (see
subsequent text), a parallel chemical etching reaction could then participate at
the rest potential.

Using the foregoing diagnostic criteria, it has been established that an elec-
troless etching mechanism operates, for example, with Fe(CN);~ at GaAs [67]
and GaP [68,69] in an alkaline medium, with Fe(CN).™ at InP at pH = 14
(this high pH being necessary to avoid passivation) [70], with acidic Fe* solu-
tions at GaAs [71,72] and GaP [38], and with acidic Ce*" solutions at GaAs
[10,71,72] and GaP [38]. More examples are given in Section 5.5, pertaining
to simultaneous electroless and chemical etching, and in Section 6, dealing with
material-selective etching.

The simple mechanism of electroless etching was presented in Section 3.3 and
illustrated by Figure 8. Various factors may complicate the kinetics and mecha-
nisms of electroless etching reactions, however, as will be explained by taking
the GaP—Fe(CN);~ system as an example [68, 69]. The behavior of the GaAs—
Fe(CN)g' system is closely analogous. The complications are the following:
First, the etch rate at pH = 13 was found to be dependent on the crystal face.
More specifically, a difference was found between the two polar faces: whereas
at the (111) face, the rate is kinetically controlled, at the (ﬁi) it is controlied by
diffusion, either of Fe(CN)é* (at concentrations below 0.3 mol 17!) or of OH™
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(at Fe(CN)g_ concentrations > 0.3 mol 17!). The faster kinetics at the (ﬁi)
face as compared to the (111) face can be related to the observed difference in
valence band position. Indeed, the flat-band potential was found to be 0.1-0.2 V
more negative for the (iﬁ) face than for the (111) face [68]. The same obser-
vation was made with GaAs and can be rationalized from the structural point of
view: the (111) face consists of Ga atoms that are triply bonded to the nearest
atoms of the crystal, so that all valence electrons are used in these bonds; the
(ﬁi) face consists of P atoms, again triply bonded to their neighboring atoms
so that one valence electron pair remains free. This leads to a higher surface
electron density at the (iﬁ) face as compared to the (111) face and hence to
a more negative potential, that is, to a higher position of the band edges. It is
interesting to note that the difference in electron density around group III and
group V atoms in the zincblende lattice has been directly visualized by record-
ing scanning tunneling microscopy (STM) images of the (110) GaAs surface
[73]. The higher position of the (111) valence band edge apparently leads to a
better overlap with the empty redox levels of the (Fe(CN)?”, Fe(CN); ) system
and hence to a higher hole-injection rate. At Fe(CN)g_ concentrations below
0.3 mol 17!, the hole-injection rate and hence the open-circuit etch rate at the
(111) face are limited by diffusion of Fe(CN);™. At higher Fe(CN).~ concen-
trations, at which the hole-injection rate under cathodic polarization exceeds the
diffusion-limited value of the anodic dissolution rate, the etch rate at rest poten-
tial is determined by the anodic partial current density and hence controlled by
the diffusion rate of OH™ ions.

Second, from rotating ring-disk experiments, it was found that the hole-
injection rate at the (111) face is not potential-independent, but is lower
at anodic than at cathodic potentials [in the latter case, it corresponds to
the cathodic Fe(CN);™ reduction current density]. An example is shown in
Figure 14. This result implies that the plateau value of the cathodic current den-
sity cannot be used as a measure for the etch rate at the rest potential. The
reason for this decrease in the hole-injection rate at higher potentials should be
sought along the same lines as before. Indeed, when the potential is increased so
that the cathodic current decreases, part of the injected holes are used in the oxi-
dation of the semiconductor. In this reaction, positively charged decomposition
intermediates such as X are formed (see Section 5.1). Thus, positive charges
are accumulated at the crystal surface, which causes a downward shift of the
band edges and, hence, a poorer overlap with the empty redox levels. Whereas
at the (111) face, the reaction is kinetically controlled, a lower hole-injection
rate results.

A decrease of the hole-injection rate when the electrode potential is increased
is commonly observed in III-V semiconductor electrochemistry. For example,
in the case of GaAs-Fe", it was shown by means of rotating ring-disk experi-
ments that the reduction rate of Fe’" in the anodic potential region is drastically
decreased in comparison to that in the cathodic potential region. In the case of
GaAs—Ce**, on the contrary, holes are injected at a diffusion-limited rate over
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Reprinted from Electrochim. Acta 35, H. H. Goossens, 1. E. Vermeir, F. Vanden Kerchove, and W. P.
Gomes, pp. 1351-1358, ©1990, with permission from Elsevier Science.

the whole potential region [71, 72]. This difference in behavior is explained on
the basis of the positions of the redox levels concerned. Whereas the (Ce*”,
Ce’") standard Fermi level lies well below the valence band edge, the (Fe’",
Fe’") standard Fermi level is located close to the valence band edge, so that
the overlap of the unoccupied (Fe*") levels with the valence band, and hence
the Fe** reduction rate, is very sensitive to the downward displacement of the
valence band edge under anodic polarization caused by the accumulation of
holes at the surface.

5.4. CHEMICAL ETCHING

In a chemical etching mechanism, no free charge carriers (no valence band
holes) are involved. Whereas most chemical etchants for III-V compound semi-
conductors are oxidizing agents, just as electroless etchants are, it is essential
to distinguish between the two dark etching mechanisms. The obvious way to
do this is by observing the cathodic behavior of the p-type semiconductor in
darkness in the presence of the etchant: if no cathodic reduction of the etchant
(hence no hole injection) occurs, the etching mechanism cannot be electroless
and, hence, must be chemical.

In addition to allowing a decision on whether the etching mechanism is elec-
troless or chemical, electrochemical measurements also yield essential informa-
tion on chemical etching reactions, that is, on the stoichiometry of the surface
reaction, on the problem of whether the mechanism is concerted (synchronous)
or sequential, etc. This information will be explained by taking a study on the
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etching of GaP by methanolic bromine solution [50,74] as an example. This
solution is commonly used for the etching various III-V and II-VI semiconduc-
tor materials. Considering that bromine-methanol mixtures may be hazardous
at high Br, concentrations [75] and that methanol is toxic, one of the main
objectives of this study was to find the possible advantages of using methanol
instead of water as the solvent for bromine-based etching solutions.
Measurements were performed at the (111) and the (111) GaP face. At the
rest potential, the etch rate at the (ﬁi) face appeared to be diffusion-limited,
whereas that at the (111) face was low and independent of the rotation rate of the
sample. The etch rate under given circumstances was the same for n- and p-type
samples. The etch rate and the current density at the (ﬁi) face were studied at
an n-type (ﬁi) GaP electrode as a function of electrode potential. The results
are represented in Figure 15. A cathodic diffusion-controlled plateau is observed
at sufficiently negative potentials. In this potential region, the etch rate is low. In
Figure 15, the etch rates have been converted into etch current densities, based
on Eq. (79), in which n has been put equal to 6. The underlying hypothesis
here is that, similar to the anodic dissolution, the oxidation of GaP by Br, is
a 6-equivalent redox reaction. When the electrode potential is increased, the
cathodic current decreases and, simultaneously, the etch rate increases. Finally,
at sufficiently positive potentials, a low limiting anodic current is observed and
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Fic. 15. Combined etch rate and current density vs. potential plots at (111) n-GaP in methanolic
4 x 1073-mol 17" Br, +0.25-mol 1™! LiCl. x, etch rate (expressed as an etch current density); e,
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pp. 3294-3300, 1993. Reproduced by permission of The Electrochemical Society, Inc.
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the etch rate reaches a limiting value that is proportional to the square root of
the rotation speed of the electrode. The sum of the etch rate and the absolute
value of the electrical current density is found to be constant over the entire
potential range. Rotating ring-disk experiments show that the Br, consumption
at the GaP disk is potential-independent and equal to the diffusion-controlled
value.

Measurements at the p-type (111) face show that Br, is not reduced cathod-
ically in darkness, which allows us to exclude electroless etching. Combined
current—potential and impedance measurements reveal that the anodic dissolu-
tion current starts at a considerably lower surface hole concentration in the pres-
ence of Br, than in an indifferent electrolyte solution. Also this phenomenon
points to a chemical etching mechanism, since it can be explained by assuming
that in the presence of Br,, the first (slow) anodic dissolution steps are replaced
by faster chemical steps; the faster subsequent hole-capture steps can then occur
at a higher rate for the same hole concentration than in a totally electrochemical
mechanism (see Section 5.1).

The fact that the cathodic limiting current density j, ., in Figure 15 is found
to be equal to the anodic limiting etch current density j, i, confirms that this
chemical etching process is a 6-equivalent redox reaction, as assumed. Indeed,
because the cathodic reduction of Br, is 2-equivalent, j. ;, can be written as

Jetim = 2F‘]Br2 (83)

where Jy, is the diffusion flux of Br, toward the electrode surface. Putting
Eq. (83) equal 10 juen, tim = 6F eien, jim Yi€lds

"Brz = 3 retch, lim (84)

that is, the number of moles of Br, arriving at the surface by diffusion is 3
times the number of moles of GaP consumed. Taking into account chemical
considerations [76, 77], the reaction equation can then be proposed as

0]

T
GaP + 3 Br, +3 CH,0H — GaBr, + (CH,0), P—H+CH,Br+2 HBr (85)

Note that the experiments mentioned yield direct information on the stoichiom-
etry of the surface reaction and that it cannot be excluded that (CH;0),PHO is
further oxidized by Br, homogeneously in solution.

The fact that a small limiting current due to the presence of Br, is observed
anodically at (ﬁi) n-GaP allows us to conclude that the etching mechanism
is not coneerted, but sequential. Indeed, this anodic current can be attributed to
electron injection by decomposition intermediates of GaP; see Section 5.1. If the
chemical etching mechanism were synchronous, no such intermediates would
be formed. More details on the reaction mechanism can be obtained by studying
the relationship between this limiting anodic current and the consumption rate
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symbols refer to 0.25 mol 1! LiCl; the open ones refer to 4-mol 17! LiCl. Reproduced from
J. Electrochem. Soc. 140, K. Strubbe and W. P. Gomes, pp. 3294-3300, 1993. Reproduced by
permission of The Electrochemical Society, Inc.

of Br,. As appears from the considerations mentioned previously for the latter,
the cathodic limiting current density can be taken as a measure. Figure 16 shows
the measured relationship between the anodic and the cathodic limiting current
densities at two different concentrations of the indifferent electrolyte (LiCl). The
relationship appears to be linear in both cases and the slope is lower at higher
LiCl concentration. These data can be interpreted as follows [74]. Reaction of
an unbroken surface bond with Br, first leads to the formation of a mobile
surface intermediate X'

GaP +Br, — X{ +Br~ +Br* (86)
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(see Section 5.1). In the next step, the positively charged X; intermediate is
converted into an immobile neutral intermediate X,—A by the reaction

ke
XT+A- = X,—A (87)
k

—C

In principle, A~ may be either CI~, present in the indifferent electrolyte solution,
or Br™, formed during the chemical etching process [Eq. (86)], or methanolate
[in which case a proton is released in reaction (87)]. Whereas P is more elec-
tronegative than Ga, the A~ anion is localized on the gallium.

We assume that the equilibrium (87) is positioned to the right, so that few
mobile X; intermediates are present. The neutral species X;—A is then further
oxidized by the Br® radical to the intermediate X :

X,—A+Br* -5 X +Br- (88)

The anodic current increase is attributed to electron injection from X into the
conduction band of the semiconductor, occurring in parallel with reaction (87):

inj

ks
X — X2t ye” (89)

Whereas the chemical structure of the intermediate X5* is obviously different
from that of XJ, step (89) must be followed by other chemical reaction steps.
However, since these steps do not influence the competition between reactions
(87) and (89), they are not taken into account in the kinetic derivation.

Further oxidation of the semiconductor is then assumed to proceed in subse-
quent steps, in which two more Br, molecules per GaP formula unit are con-
sumed. The small excess of Br* at the surface [formed during reaction (86), but
not used up in reaction (89), since X} is converted into X3* in reaction (89)
without consumption of Br*] is assumed to desorb from the surface and to react
further in solution:

Br* —k_d) (Br.)solv (90)

By a standard steady-state kinetic derivation, the proposed mechanism is shown
to lead to the following relationship between the anodic current density j, and
the cathodic current density |j.[:

inj
i = k, _ T ekdk_ckcc,?nj
6(kccat+ky)) ky (k.catky)
in which ¢, represents the concentration of A. .
Equation (91) predicts a linear relationship between j, and |j,| for the (111)
face with a positive intercept on the j, axis, as is found experimentally (Fig. 16).
Equation (91) also predicts that an increase of the A concentration leads to a

€
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decrease of the slope of the j, vs. |j.| curve. In Figure 16, we see that the
slope of the j, vs. |j.| plot in 4-mol 17! LiCl is lower than in 0.25-mol 17!
LiCl, indicating that step (87) occurs between X and a Cl™ ion in that case.
In practical etching conditions in which no LiCl is present, the anion reacting
with X[ is presumably the Br™ ion formed in the first step.

When comparing the results of this study on the etching of GaP by methanolic
Br, to those by aqueous Br, [49], it appears that both processes occur quite
similarly. Hence, there seems to be no clear advantage of using methanol as
the solvent, except maybe for the fact that the solubility of bromine is higher
in methanol than in water. However, especially at high concentrations, bromine
solutions in methanol are hazardous. Moreover, it is possible to increase the
solubility of bromine in aqueous solutions considerably by complexing it with
bromide to form Br; and Br;.

Other oxidizing substances besides Br, that usually act as chemical etchants
for III-V compound semiconductors are Cl,, I,, OC1™, H,0,, and HIO,. Most
often it is found that the etch rate at the (100) and (111) faces is comparable,
whereas that at the (111) face is considerably lower. The difference in kinetics
between both polar faces perpendicular to the [111] axis has been attributed to
the fact that electrophilic reactants are concerned and that the electron density
at the (111) face is higher than that at the (111) face, due to the difference
in orientation of the group III atom—group V atom surface dipole [78, 79]. By
exception, the chemical etch rate of InP by HIO; is diffusion-controlled even at
the (111) face [51]; otherwise, the electrochemical and etching behavior of this
system is quite similar to that of GaP-methanolic Br, described previously.

Kelly and co-workers performed extensive studies on the etching of GaAs in
acidic solutions containing Cl,, Br,, I,, or H,O, [60, 61] and in alkaline solu-
tions containing the hypohalites CIO™ and BrO™~ [62]. Their observations will
be examplified by the case of GaAs-H,0,. An enhanced anodic dark current at
n-type electrodes in the presence of the oxidizing agent was observed, as was
an interdependence between the rate of chemical etching and that of cathodic
reduction. Indeed, in darkness, the cathodic current at a p-type electrode is
low, indicating weak hole injection by the oxidizing agent. Under the same cir-
cumstances, GaAs is etched at a potential-independent rate. When the p-type
electrode is illuminated, a photocurrent is observed that involves the current-
doubling mechanism (see Section 2.3), and the etch rate decreases by a corre-
sponding amount. At high light intensities, the etching is completely suppressed
cathodically even though no significant depletion of the oxidizing agent at the
surface occurs. The conclusion was reached that hole injection, electron cap-
ture, and chemical etching are coupled through a common precursor: the oxi-
dizing agent is thought to adsorb on the semiconductor surface under injection
of a hole in a surface bond, so that an electron-deficient species of the type as
depicted in Figure 17 is formed. Electronically, this species acts as a filled sur-
face state, the electron of which can be injected into the conduction band or can
participate in competing surface reactions (see the scheme of Figure 17, which
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represents the unified model proposed for these competing reactions). Although
at first, this common precursor looks similar to the species X;—Cl proposed
in the work on GaP-methanolic Br, (see preceding text), there is a significant
difference. Indeed, the intermediate represented in Figure 17 may be viewed as
an immobilized hole, complexed with the anion that results from the etchant
(OH™,Br™,...) that, in a subsequent step, may react with the adsorbed radi-
cal (OH®, Br*,...). Chemical reaction with C1~ should hence not occur, and
the C1™ concentration should not influence the injection rate, in contrast to the
experimental evidence in the case of GaP-methanolic Br, (Fig. 16).

Hydrogen peroxide is a very common etchant for GaAs in device fabrication.
Several studies have been devoted to the etching mechanisms in different pH
ranges. Kelly and Reynders {80] investigated the etching of GaAs in dilute aque-
ous H,0, solutions in the higher pH range. Above pH = 12, where electrolytic
dissociation of H,0, to H and HO; takes place, the etch rate is low. Below
pH = 10, etching is prevented by the formation of a Ga-rich oxide film on the
GaAs surface. In the intermediate pH range, the etch rate is kinetically con-
trolled. These findings were interpreted on the basis of a mechanism in which,
first, the GaAs is oxidized by undissociated H,0, molecules to As(III), which
goes into solution, and to adsorbed Ga(OH),. In a second step, Ga(OH), is
desorbed. Depending on the pH, either the oxidation step or the desorption step
is rate-determining. Similar reaction schemes involving oxidation and desorp-
tion have also been proposed for the etching of GaAs by H,0, in acidic media
[81-83].

The etch rate of GaP by H,0, has found to be rather low [57]. The etching
of InP by H,0, also occurs at a low rate [48].
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The etching behavior of InP is different from that of other III-V semicon-
ductors in that InP is etched in concentrated aqueous HCI or HBr solutions
[84, 85]. A significant etch rate is observed only at HCI or HBr concentrations
above 5 mol 171, This strongly suggests that the etch rate depends on the degree
of dissociation of the HCI or the HBr, and that, in fact, undissociated hydrogen
halide molecules are involved. This hypothesis is confirmed by results obtained
with HCI dissolved in acetic acid. Whereas the dissociation constant of HCI in
CH,;COOH is many orders of magnitude lower than in water, undissociated HCI
molecules are the prevailing species in acetic acid solutions, even at low HCI
concentrations. Experiments in that medium show that the etch rate of InP is
proportional to the HCI concentration, confirming that HCI molecules, and not
protons, are the active species. Whereas neither HCl nor HBr is an oxidizing
agent, the etching mechanism must be chemical and synchronous as depicted in
Eq. (68) as far as the first step is concerned. This step is very likely the rate-
determining one. To complete the dissolution of one formula unit of InP, two
more HCI or HBr molecules are necessary; the end products are PH; gas and
InCl; or InBr,, which may undergo further hydrolysis reactions.

It is important to note that InP is normally covered by a native oxide layer,
which is also removed in the HCI or HBr solutions used as etchants.

Since the etching mechanism is not sequential, no enhancement of the limiting
anodic dark current at n-type InP electrodes upon addition of concentrated HCI
solution is expected, because no decomposition intermediates are formed. This
expectation appears to be fulfilled experimentally [S1]. We recall here that if
decomposition intermediates were formed, the electron-injection effect would
be substantial in the case of InP (see Section 5.1).

A final remark is that it is hitherto not clear why InP is etched in concentrated
HCI or HBr solutions, whereas other III-V compound semiconductors such as
GaAs and GaP are not.

5.5. ELECTROLESS AND CHEMICAL ETCHING
OCCURRING IN PARALLEL

Complications may arise in assigning dark open-circuit etching mechanisms
in that an electroless and a chemical mechanism may, in certain cases, operate
in parallel. Here, electrochemical experiments also are crucial to unravel the
mechanisms. An example—that of the etching of Inys;Gay4,As by H,O,—will
be presented in Section 6. Another example involving In, 5;Ga, 4, As, that is, the
etching by alkaline hypobromite solutions [86], will be discussed next.

The etch rate of In,s;Gag 4;As by hypobromite in 1-mol 17! aqueous NaOH
solution at the rest potential appears to be diffusion-controlled at n- and p-type
samples. At n-type samples, diffusion-controlled reduction of OBr™ is observed
cathodically. Figure 18 shows dark voltammograms for p-Ings;Gag 4, As with-
out and with OBr~ added. The interesting point in an indifferent electrolyte is
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the water reduction curve. Apparently, because conduction band electrons are
needed for this process, inversion is involved here, that is, electrons are ther-
mally generated in this narrow-bandgap material at sufficiently negative bias.
With hypobromite added, two current plateaus are observed. In the first plateau,
the current is under mixed control; in the second, it is under diffusion con-
trol. The limiting current in region 1 appears to be enhanced by illumination.
At low light intensities, this photocurrent is twice that in an indifferent elec-
trolyte, indicating that OBr™ is photoreduced by a current-doubling mechanism.
At high intensities, it reaches the same value as plateau 2 in darkness, that is,
the OBr~ diffusion limit. These data can be interpreted by assuming that in
plateau 1 for p-type samples, the first step is hole injection. Under illumina-
tion, addition reduction via a current-doubling mechanism occurs, in which the
first step is electron capture and the second is hole injection. At sufficiently
high supply rate of conduction band electrons, this process becomes diffusion-
limited by hypobromite. Plateau 2 in darkness then corresponds to the same
situation, but with thermally generated conduction band electrons. With n-type
samples, we may again assume the same reaction scheme, but now electrons
are the majority charge carriers. In conclusion, due to the narrow bandgap of
Ing 53Gay 4;As, hypobromite can be reduced via both bands. Considering the rel-
ative rates, the overlap of the empty hypobromite levels is apparently better
with the conduction band than with the valence band. As far as dark etching
at rest potential is concerned, the latter process is evidently the important one.
The upper curve in Figure 18 represents the measured etch rate converted into
an etch current density, taking into account that the dissolution of In, 5,Ga 4,As
is 6-equivalent [37]. When hypobromite is consumed cathodically in region 2
at a diffusion-limited rate, we see that no etching occurs. In region 1, part of
the OBr™ supplied at the surface is used in the cathodic hole-injection reaction
and the remaining part is used in etching, which hence must be chemical. At
the rest potential, all the hypobromite is consumed in etching. It hence follows
that two etching mechanisms operate in parallel: in region 1, only a chemical
mechanism operates; at the rest potential (i.e., under practical circumstances),
the injected holes also participate in etching through an electroless mechanism.

6. Material-Selective Etching

Optoelectronics and optical telecommunication technology make widespread
use of multilayer III-V structures. In the processing of these structures, it is
often necessary to selectively dissolve one layer with respect to another, the
selectivity being evidently based on the fact that materials of different com-
position are involved. Often, a thin etch-stop layer of different composition is
incorporated into a layer structure to control the etch depth [87, 88]. An extreme
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example of the use of selective etchants is the so-called epitaxial lift-off tech-
nique, which allows removal of thin epitaxial layers (on the order of 1 um) from
the original substrate and transplantation of them to a host substrate. In this
way, different optoelectronic components may be integrated [89-91]. For exam-
ple, in the case of GaAs-based multilayer structures, a thin AlAs film, which is
selectively etched away from the sides, is used between the substrate and the
epitaxial layer.

Material selectivity in wet etching can be achieved in various ways, depending
on the type of etching reaction, the type of semiconductivity, etc.

Material-selective anodic etching is not frequently performed because it is
impractical to incorporate the sample into an electrical circuit. For n-type mate-
rials, material selectivity can be achieved based on the difference in bandgap:
by polarizing the sample anodically and illuminating it with photons of energy
in between the bandgap values of the two materials, only the material with the
narrower bandgap will dissolve photoanodically. For p-type materials, one may
speculate that the two semiconductors have a different flat-band potential and
hence a different onset potential of the anodic dissolution curve: by selecting a
potential in between both onset potentials, if the potentials are sufficiently apart,
the semiconductor with the more negative onset potential (the “less noble” one)
will be selectively dissolved.

Selective electroless etching is essentially based on the same principle. Con-
sider, for example, two p-type III-V semiconductors in electrical contact with
each other and with the same electrolyte solution, containing a hole-injecting
oxidizing reactant. The reduction of the oxidizing agent is assumed to be
diffusion-limited. Figure 19 is a schematic representation of the partial current—
potential curves at the separate semiconductor surfaces and for both surfaces
brought together. For simplicity, the surface areas of both materials are assumed
to be the same.

In the figure, semiconductor 1 is the “less noble” one; that is, it has the more
negative onset potential, normally due to the fact that it has a more negative
flat-band potential. The respective rest potentials V,(1) and V,(2) for the sepa-
rate semiconductors correspond to the situations in which the anodic dissolution
current is compensated by the cathodic hole-injection current. Whereas the lat-
ter is diffusion-limited in both cases, the etch rates of both materials are equal.
However, when the two semiconductors are in electrical contact, as is the case
in the etching of a multilayer structure, the total anodic and cathodic (14 2)
curves must be considered to determine the new rest potential V,(1+2). As can
be seen in the figure, V, (14 2) is situated between V(1) and V,(2), and at that
potential, the etch rate of semiconductor 1 is increased and that of semiconduc-
tor 2 is decreased as compared to the case in which the semiconductors were
separate. Mechanistically, this means that part of the holes that are injected into
semiconductor 2 are transported to semiconductor 1, which they then dissolve.
The total process amounts to a cathodic protection mechanism.
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FiG. 19. Schematic representation of galvanic element formation between two p-type semicon-
ductors 1 and 2 under diffusion-controlled hole injection by an oxidizing agent. The solid lines rep-
resent the current—potential curves for the individual semiconductors; the dashed lines refer to the
total currents for the two semiconductors in electrical contact. Reprinted from P. H. L. Notten, J. E.
A. M. van den Meerakker, and J. J. Kelly, “Etching of III-V Semiconductors: An Electrochemical
Approach,” ©1991, with permission from Elsevier Science.

A well-known case in which material-selective etching based on cathodic
protection was achieved is that of the system p-GaAs—p-Al,;Ga,,As in a Ce**-
containing acidic solution [7]. The flat-band potential of p-Al,;Ga,;As is more
negative than that of p-GaAs [the same is true for p-Al, ,sGa, ;s As (see Fig. 10),
showing that Al,,s;Ga,sAs has a higher value of the valence band edge], so
that in the given combination, GaAs is the more “noble” material, which is
cathodically protected.

When the etching reaction involves a chemical mechanism, material selec-
tivity should be based on a difference in chemical rate constant. Striking
examples of material-selective chemical etching can be found when InP is
involved. Indeed, as mentioned in Section 5, concentrated HCl or HBr solu-
tions are specific etchants for InP, and do not etch other binary or mixed III-V
semiconductors. This fact has been used to selectively etch InP with respect to
the quaternary III-V semiconductor In,,Ga, 3As, ;P ; in multilayer structures.

In all this, the importance of passivation effects (i.e., the formation of product
layers preventing further reaction) should be kept in mind. The products formed
by oxidative etching of GaAs and GaP are soluble at sufficiently low or high pH.
In contrast, the products of InP appear to be soluble only at very high pH [70].
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Selective etching of other III-V semiconductors with respect to InP can there-
fore be performed in oxidative etchants, based on oxide layer formation on the
InP surface. In general, in view of the fact that the solubility or the dissolution
rate of oxide products layers is very sensitive to pH, the pH of the solution is a
key parameter that influences material selectivity through passivation.

The role of the various factors enumerated in the preceding text in controlling
the material selectivity of etching will be further illustrated by some examples
taken from recent work in the author’s laboratory.

The first example pertains to the selective etching of Alj,sGay,sAs with
respect to GaAs by acidic iodine (I, +17) solutions. This procedure is frequently
used in device technology [92-94], but the origin of the etch selectivity until
recently had not been thoroughly studied. In the present investigation [36, 95],
current—potential curves were registered at p-type Al,sGa,;sAs rotating disk
electrodes in an indifferent electrolyte solution (0.5 mol 1-! H,SO,) and in the
presence of 1072 mol 17! I, (Fig. 20, curves 1 and 2, respectively). It can be
seen that a limiting cathodic current density (j,) is measured in I,, indicating
that holes are injected by I, into the valence band of Al ,;Ga,;sAs. This limit-
ing current is diffusion-controlled, as can be deduced from the proportionality
between j. and the square root of the rotation rate /w (inset of Fig. 20).

Etching experiments were performed on the Alj,sGaj,sAs electrode as a
function of potential. To compare the etch rate at given applied potentials with
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Fig. 20. Current density vs. potential curves at (100) p-Alg,sGaysAs electrode. (1) Electrical
current density in 0.5-mol 17! H,SQ,. (2) Electrical current density in 0.5-mol I~ H,SO, + 107*-
mol 1"! I, +4 x 10~2-mol 1-! KI. (3) Etch current density in 0.5-mol 1! H,SO, + 10~%-mol 1™
I, +4 x 107*-mol 17! KI. Inset: Cathodic limiting current density }j.| vs. square root of rotation rate
J/w at —0.5 V vs. SCE. Reproduced from Bull. Soc. Chim. Belg. 105, P. J. Verpoort, pp. 805-808,
1996, with permisssion.
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the electrical current density, the etch rate can be converted into an equivalent
etch current density according to Eq. (79), with n=6 (see Section 5.1). This
etch current density is also depicted in Figure 20 (curve 3). In the cathodic
potential region, iodine is reduced electrochemically in a diffusion-limited way.
Since all iodine molecules reaching the surface are consumed by hole injection,
no etching is measured. When the potential is increased, the cathodic current
density j, decreases and the etch current density j,, increases simultaneously.
Finally, at more positive potentials, both current densities j. and j,, coincide.
Experiments at n-Al, ,sGa, ;5As showed that iodine is cathodically reduced in a
diffusion-limited way.

Etching experiments at Al ,5Ga, ;sAs were also performed at the rest poten-
tial (i.e., without making electrical contacts) as a function of the iodine con-
centrations (c;,) (Fig. 21). In solutions containing less than 0.05-mol 17! I,, the
etch rate r is proportional to ¢;,. In more concentrated solutions, the etch rate
decreases. The composition of the etched Alj,;Ga,,sAs surface was investi-
gated by X-ray photoelectron spectroscopy (XPS) measurements, leading to the
conclusion that an oxide layer (consisting of oxides of gallium and arsenic, but
not of aluminum) is formed during etching.

The combination of all these results points to an electroless etching mecha-
nism occurring at Al;,;Ga, ,sAs in iodine solutions. At the rest potential, the
(anodic) oxidation of Al,sGa,;sAs (hole capture) is electrically compensated
by the (cathodic) reduction of iodine to iodide ions (hole injection). The pro-
portionality between r and ¢;, at lower concentrations is in agreement with
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Fic. 21. Double-logarithmic plot of the etch rate  vs. the I, concentration ¢;, at the rest potential.
The aqueous solution contained 0.5-mol 17 H,SO, + L +KI (¢, = 4¢ o) & Al psGag 55 As; X, GaAs.
Reproduced from Bull. Soc. Chim. Belg. 105, P. J. Verpoort, pp. 805-808, 1996, with permisssion.
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the assumption of an electroless mechanism, since this does not necessitate
adsorption of the etchant at the semiconductor surface. That the etching also
occurs, although at a lower rate, when an oxide film covers the surface is
explained by the ability of holes to tunnel through this film [16].

Similar experiments were performed at p- and n-type GaAs rotating disk elec-
trodes. At p-type GaAs, no cathodic reduction current is measured when adding
I, to the indifferent electrolyte solution. This implies that no hole injection
occurs, so that an electroless etching mechanism can be excluded. The fact that
iodine can inject holes into Alj,;Ga,,sAs but not into GaAs can be explained
as follows. The energetic position of the valence band edge is higher at the
Al ,5Ga, 15As surface as compared to the GaAs surface (see Fig. 10). Although
no reduction current is measured at p-GaAs in contact with iodine solution,
GaAs does get etched at open circuit by iodine (Fig. 21). Current—potential dia-
grams registered at p-GaAs with and without iodine added show a negative shift
in the onset of the anodic dissolution curve (as referred to the flat-band poten-
tial). All this is indicative of a chemical etching mechanism. In Figure 21, it is
seen that the concentration dependence of the etch rate is less than linear for
iodine concentrations below 0.05 mol 1='. This points to adsorption of iodine
at the surface (Freundlich isotherm), in agreement with the fact that interaction
between iodine and the GaAs surface is chemical. This difference in concen-
tration dependence of the etch rate between Alj,;Ga,;sAs and GaAs leads to
inversion of the selectivity at ~ 5 x 10~>-mol 17! ,.

At both Al ,5Ga, ;5As and GaAs, the etch rate decreases with increasing ¢y, in
highly concentrated iodine solutions (> 5 x 1072 mol 1=!). As can be seen from
Figure 21, the decrease is much more drastic for GaAs than for Al ,sGa, ;5As,
so that at 0.5-mol 17! L, the etch rate of GaAs becomes negligible. From the
XPS measurements, it was found that oxides are formed during the dissolution
of both semiconductors and that the oxide layer thickness d,, is larger when
etching for the same time in solutions in which the iodine concentration is
higher. It is reasonable to assume that for both materials, the oxide passivates the
surface with respect to etching. The question then arises as to why, although the
layer thickness is on the same order of magnitude in both cases, this passivating
effect is much more pronounced for GaAs than for Al,,;Ga,;sAs. A possible
explanation may be offered by the difference in etching mechanism. Electroless
etching of Al;,sGa,4sAs implies that holes are injected into the valence band of
the semiconductor. Since holes are able to tunnel through an oxide layer, elec-
troless etching can still take place when the surface is covered with an oxide.
However, the tunneling probability decreases with increasing oxide layer thick-
ness. Since d,, increases with increasing iodine concentration, the decreasing
etch rate may be attributed to a smaller tunneling probability. A thickness of
~3 nm, which is found after etching in 1-mol 17! I, seems to be a reasonable
value for tunneling. In view of the observed high roughness after etching, the
oxide layer thickness may be assumed to be highly position dependent. Tunnel-
ing may preferentially occur at sites where the layer is thinner. Since the etch
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rate was time independent, the oxide layer thickness is probably controlled by
steady-state conditions. In contrast, at GaAs, purely chemical etching by iodine
occurs. To react with GaAs surface bonds, I3 ions must adsorb at the surface.
The presence of an oxide layer then hinders the contact of the I ions with the
surface, so that the etch rate may become almost zero when the oxide layer is
sufficiently thick, that is, in highly concentrated iodine solutions.

The reason the oxide layer is thicker in solutions with high iodine concentra-
tions presumably is connected with the low solubility of the oxidation products
in these media. In 1-mol 17! 1,, for example, the KI concentration is 4 mol 17!,
so that the influence of the decrease in water activity on the solubility of the
products must be taken into account.

In the fabrication process of optoelectronic devices, concentrated (< 1 mol
171) iodine solutions are used in = 0.1-mol 17! H,PO, (pH = 1.6), that is solu-
tions in which the pH is higher than in the previously described experiments
(pH = 0.3). Therefore, for comparison, in the foregoing fundamental study, etch-
ing experiments were also carried out in concentrated I, +1~ solutions contain-
ing less H,SO,, that is, 0.02 mol 1! (pH = 1.7). At 1-mol 17! 1, the etch rate
of Aly,5Gay,sAs at pH = 1.7 is, rather surprisingly, found to be about six times
higher than at pH = 0.3. The increase in the etch rate of GaAs associated with
this increase in pH is even more pronounced, that is, about 2 orders of magni-
tude. As a consequence, the selectivity ratio is significantly lower at pH = 1.7
than at pH = 0.3. This initially unexpected decrease in the etch rate caused by
increasing the H,SO, concentration may be explained along the same lines as
that caused by increasing the I, + KI concentration, that is, by considering the
effect of the lowering of the water activity on the solubility of the oxidation
products.

An alternative mechanism that leads to material-selective etching, that is,
galvanic element formation (cathodic protection), can be excluded in the present
case. Selective etching of Al ,sGag5sAs with respect to GaAs implies that holes
are injected into GaAs and consumed in the dissolution of Al ,sGa, +sAs. Since
no holes are injected into GaAs by iodine during etching, this mechanism can
be rejected.

Two other examples of material-selective etching pertain to the selective etch-
ing of In, 5;Ga, 4;As, lattice-matched on InP, with respect to the InP substrate.

In one case, the etchant was acidic aqueous H,0, [37]. Hydrogen peroxide
does not inject holes into p-InP, so here also, cathodic protection can be ruled
out as the origin of the selective etching. At p-type In, 5;Ga 4, As, hole injection
by H,0, is observed. Under the same circumstances, the semiconductor is also
etched, obviously due to a chemical mechanism, since, cathodically, the injected
holes are drawn toward the bulk of the sample and hence cannot contribute to
etching. Both processes appear to be kinetically controlled. At open circuit, the
measured etch rate is approximately the sum of the cathodic rate plus the hole
current density converted into an etch rate [see Eq. (79)]. All this shows that at
the rest potential, two etching mechanisms operate in parallel, that is, a chemical
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one and an electro-chemical one. As far as InP is concerned, the measured etch
rate in H,0, was very small. Since no hole injection takes place, the mechanism
must be chemical. The selective etching is here essentially a consequence of the
fact that H,0O, is a very poor etchant for InP, due to the fact that the InP surface
is passivated in an oxidizing medium.

In a second case, hexacyanoferrate(IIl) in an aqueous medium at pH = 14 was
tried as a possible selective etchant for Ing 5;Gag 4;As vs. InP [30]. Both sepa-
rate semiconductors appear to be etched by Fe(CN):™, the former at a higher
rate than the latter at the same concentration. This can be rationalized on the
basis of the relative positions of energy levels. Whereas the valence band edge
is located considerably higher for the ternary compound (see Fig. 10), the over-
lap with the empty Fe(CN);~ levels is better. The material-selectivity factor,
which is the ratio of the etch rates of In;;,Gag 45 As vs. InP, was calculated from
the data obtained at the separate semiconductors to be around 15 and to be
independent of the Fe(CN);™ concentration. Electrochemical experiments along
the lines explained previously helped to establish that the etching mechanism is
purely electroless in both cases. With the two semiconductor materials in con-
tact (i.e., when etching the multilayer structure), the selectivity factor appeared
to reach values over 2000. Apparently a cathodic protection mechanism is oper-
ating here. This is not surprising, since hole injection by Fe(CN);~ occurs in
both semiconductors and since InP is much more “noble” than Ings;Gag,;AS
(the latter point is again illustrated by the relative positions of the valence band
edges of both semiconductors as represented in Fig. 10, which constitutes a
rough estimate of their flat-band potentials for p-type samples: Vg, is consider-
ably more positive for InP).

7. Etch Morphologies and Profiles
7.1. ETcH MORPHOLOGIES AT MACROSCOPIC SIZE SURFACES

This section on the morphologies that result from wet etching processes at I1I-
V semiconductors starts with a discussion on morphologies obtained at single
crystal faces of macroscopic size, that is, obtained by one-dimensional etching.
Afterward, the shapes of etch profiles will be considered at the edges of mask
grooves, in which case essentially two-dimensional etching is concerned.

7.1.1.  (Photo)Electrochemical Etching

The problem of the etch morphology obtained after (photo)anodic etching
of III-V compound semiconductors will be discussed primarily on the basis of
results obtained on GaP single crystals [69, 96]. The case of strongly alkaline
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FiG. 22. Schematic representation of voltammograms for (a) p-type and (b) n-type GaP electrodes
in a strongly alkaline aqueous medium.

solutions will be treated first. For the sake of the discussion, the voltammo-
grams for p- and n-type electrodes are schematically represented in Figure 22.
For p-type GaP (Fig. 22a), distinction has to be made between the exponential
region 1 of the j-V curve, in which the current density is determined by the
hole-capture rate, and the plateau region 2, in which the anodic current den-
sity and hence the etch rate are determined by diffusion of OH™ ions toward
the surface. For n-GaP (Fig. 22b), distinction has to be made between the pho-
tocurrent onset region 1, in which surface recombination of the charge carriers
is important, and the photocurrent plateau region, in which the current density
is controlled either by OH~ diffusion (region 2; high light intensities) or by
the light-intensity-dependent creation of electron—hole pairs (region 3; low light
intensities). The morphological results for the (photo)anodic etching of p- and
n-GaP under different circumstances are summarized in Table II.

This table clearly shows that for all three crystal faces studied, etching at a
diffusion-limited rate leads to a flat surface (cases A and E). This is due to the
fact that for a diffusion-limited process, the etch rate is the same over the entire
surface and is hence unaffected by solid-state factors.

When etching at a rate below the diffusion limit, specific etch patterns develop
at the surface due to local differences in the rate of the surface reaction. As a
consequence of etching p-GaP in the rising part of the j—V curve (cases B, C,
and D), etch pits develop at the surface that have a density of 10°-10° cm™
and a geometry depending on the crystal orientation: the pits at the (Hi) and
(111) faces exhibit a more or less triangular shape, whereas those at the (100)
face are roughly rectangular. Furthermore, it is important to note that at the
(111) face, the etch pits are more readily developed than at the (111) and (100)
faces. The etch pit formation and the difference in selectivity are rationalized as



TABLE II

MORPHOLOGY AFTER (PHOTO)ANODIC ETCHING OF GAP IN AQUEOUS 0.1 MoL L~ KOH

Case Type Face Etching conditions Rate-determining step Surface morphology
A p (iﬁ) Anodic current plateau OH~ diffusion Smooth
(111) (Fig. 22a, region 2)
(100)
B P (111) Rising part of j—V curve Surface reaction Triangular
(Fig. 22a, region 1) (kinetically etch pits
controlled)
C p (111) See B See B See D, but
more selective
D p (100) See B See B Rectangular pits
E n (111) Photocurrent plateau, OH- diffusion Smooth
(1n high light intensity
(100) (Fig. 22b, region 2)
F n (ﬁi) Photocurrent plateau, Hole supply, controlled Microrough
low light intensity by e~ and h*
(Fig. 22b, region 3) photogeneration
G n (111) See F See F Etch pits
H n (100) See F See F Microrough
I n (111) Photocurrent onset Hole supply, Etch hillocks
(111 (Fig. 22b, region 1) controlled by e~ and h* and ridges
(100) photogeneration

and recombination
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follows. In a p-type semiconductor, holes are the majority carriers, constituting a
quasiequilibrium cloud at the surface. Surface bonds at dislocations and impurity
sites may be assumed to be weaker than those at intact sites, resulting in an
enhanced hole-capture rate and, hence, in the formation of etch pits at these
sites. Assuming that the reactivity at these defect sites is unaffected or hardly
affected by the crystal orientation, the observed difference in selectivity can
be attributed to differences in the hole-capture rate between the three crystal
faces at intact sites, the higher selectivity at the (111) face corresponding to a
lower “normal” rate. Remembering that the [111] axis is polar (see Section 4),
the difference in the hole-capture rates between the (111) and the (ﬁi) faces
can be associated with the GaP surface dipole orientation, which in the case
of the (ﬁi) face is in an energetically favorable direction for holes to reach
the surface, in contrast to the (111) face [96]. As to the similar reactivity of
the (100) face in comparison to the (ﬁi) face, the assumption is made, based
on experimental results, that the etching of the (100) face actually proceeds
perpendicularly to the {111} face pairs from the side of the group V element,
hence at a rate comparable to that of the (111) face [69].

When etching n-GaP photoanodically in the onset region 1 of the
photocurrent—potential curve (case I), etch hillocks and ridges are observed at
the surface after removal of only a small amount of material. In this region of the
J-V curve, recombination of the photogenerated charge carriers predominates.
As dislocations and damaged sites locally enhance the recombination rate, the
local surface concentration of holes will be lower than that of the surroundings,
resulting in the formation of etch hillocks. This interpretation of the occurrence
of elevations has been evidenced directly in the case of n-GaAs anodes by laser
scanning of the electrode surface after photoanodic etching, which demonstrated
that at elevated lines, apparently associated with mechanical damage, the local
photocurrent is indeed lower than elsewhere on the surface [97]. The fact that
the etch rate is controlled by the supply of holes, not by their reactivity, explains
the similarity in the morphologies obtained at the three faces considered. In the
photocurrent plateau region 3, in which the current density is controlled by the
light intensity, etching of n-GaP leads either to a large quantity of small etch
pits [(iﬁ) and (100) face, cases F and H] or to large geometrically shaped etch
pits [(111) face, case G]. In contrast to p-GaP, the holes at the n-GaP surface
do not necessarily constitute a quasiequilibrium cloud. Instead, they are cre-
ated in the semiconductor by light and move through the space—charge region
to the surface where they react. Etch pits may then reflect sites of higher reac-
tivity and/or be a consequence of an inhomogeneous flow of holes through the
space—charge layer [98-100].

In acidic solutions, surface morphologies analogous to the corresponding
cases in alkaline solutions are obtained. In contrast to alkaline solutions, how-
ever, a steady-state condition in which the anodic current density is diffusion-
limited does not exist. Instead, in acidic solutions at sufficiently high anodic
current densities, passivation of the GaP surface occurs. Etching in this region
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does not lead to homogeneously flat surfaces; scratches are observed on p-GaP,
whereas large-sized etch pits as well as a few scratches form on n-GaP. The
development of these etch figures must obviously be related to the physical and
chemical properties of the passivation layer, such as the adherence of the layer,
the rates of electron and ion transport through this layer, the optical absorption,
etc., which are still poorly understood.

Although there are, to our knowledge, no similar systematic studies on the
morphology of the (photo)anodically etched surface of GaAs and InP, it seems
that several of the conclusions drawn for GaP also hold for these materials.
For example, it was found that photoanodic etching of n-GaAs and n-InP in
the photocurrent onset region leads to very selective etching and formation of
etch hillocks {101, 102], whereas (photo)anodic etching in the (photo)current
plateau region of n-GaAs under OH™ diffusion limitation leads to smooth and
structureless surfaces. In the case of InP, diffusion-controlled anodic etching is
not feasible due to passivation of the electrode as a result of the formation of
an insoluble oxidation product layer involving In(IIT) compounds [70].

Electrochemical dissolution of n-GaP single crystals under high anodic bias
in darkness leads to particular etch morphologies with interesting photoelectro-
chemical properties [103, 104]. Indeed, when applying a potential on the order
of +10 V to an n-GaP electrode, the band bending is such that inversion occurs
at the semiconductor surface (see Section 2.2) and, hence, the GaP is dissolved
by the holes created. The optical and electrical properties of the GaP change
dramatically during this anodic dissolution process. The dark anodic current at
given potential (410 V) increases strongly as a function of the charge passed,
and the interfacial capacitance at lower anodic potentials, which is a measure of
the surface area of the electrode, increases in parallel over more than 2 orders of
magnitude. These data suggest that a highly porous structure is formed, a fact
that is confirmed by scanning electron microscopy. Pore formation is apparently
initiated by preferential attack, probably through avalanche breakdown at a small
number of localized sites on the surface such as dislocations, and from these
initial pores, a radial system of pores with structural details in the 50-200-nm
range develops. These microporous electrodes appear to exhibit a quantum effi-
ciency for bandgap (green) light close to unity, in contrast to a value near
0.01 for nonporous GaP. This effect can be ascribed to two reasons: enhanced
light scattering that gives rise to a more effective absorption of photons in the
porous layer and the fact that even at a considerable depth, the photogenerated
holes have to travel only over a short distance to reach the semiconductor—
electrolyte interface. Subbandgap photocurrents also have been observed [105].
These results are clearly important for improving the photoresponse of junc-
tions based on semiconductors in which the light absorption coefficient and the
diffusion length of minority carriers are small. Pore formation in GaAs has also
been reported, but was less extensively studied [106].
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7.1.2.  Photoetching

Photoetching has been reported to lead to etch hillocks (see, e.g., [12, 107]).
This can be explained as follows. As mentioned previously, the rest potential
is generally situated in the onset region of the photocurrent curve, where a
considerable fraction of the photogenerated minority carriers are consumed in
surface recombination. The latter process is favored at surface defects, so that
the reaction rate and hence the etching is lower at defect sites. Photoetching can
thus be used for defect-revealing purposes.

An interesting case is that of the photoetching of GaAs by H,0, [12]; see
also Section 5.2. The formation of the surface precursor at n-GaAs is kineti-
cally controlled. In the dark, this reaction is followed by chemical etching, by
which a rough surface is obtained. Under illumination, photoetching takes place.
Whereas the etch rate is controlled by the formation rate of the precursor, it is
the same for photoetching as for dark etching. Nevertheless, under illumination,
the resulting etch morphology is entirely different: lattice defects are clearly
revealed as etch hillocks.

The situation may, however, be more complex, such as in the case of the pho-
toetching of GaP by hypobromite [96] (see also Section 5.2). Photoetched (111)
and (iﬁ) faces of GaP in alkaline OBr~ solutions show a remarkable difference
in morphology depending on the type of semiconductivity: etch hillocks develop
on n-GaP, whereas etch pits are formed on p-GaP. To explain these facts, it is
assumed that on the microscale, the two partial reactions under consideration
do not necessarily take place at the same sites. The morphology thus reflects
local differences in the hole supply rate for n-GaP and local differences in the
hole-capture reactivity for p-GaP. At n-GaP, the anodic partial reaction proceeds
by the minority carriers. Whereas at the rest potential, recombination processes
determine the availability of holes and hence the value of the current density,
the hillocks formed by photoetching correspond to sites where the recombina-
tion rate is high (dislocation sites, damaged areas). In the case of p-GaP, how-
ever, where the holes are the majority carriers, locally enhanced recombination
leads to a local decrease of the cathodic partial current density (and hence to a
decrease of the overall etch rate), but does not significantly influence the local
anodic partial current density. Here, however, the holes are at quasiequilibrium
at the surface, so etch pits develop at sites with an enhanced reactivity for hole-
capture.

In contrast, in the case of GaAs photoetching in CrO;-HF solutions, etch
hillocks are formed both on n- and p-type samples [107, 108]. Hillocks are also
observed when etching in darkness, and their occurrence has been explained on
the basis of a complex reaction scheme. The CrO;-HF photoetch has been found
to be very sensitive to defects at GaAs and even more so at InP crystals [109].

Another fact that demonstrates the complexity of the phenomena that control
the photoetch morphologies is that, in contrast to the cases mentioned previ-
ously, photoetching of n-InP in Fe**-containing aqueous HCI solutions leads to



6 WET ETCHING OF II[-V SEMICONDUCTORS 281

etch pits [56]. Obviously, the structural defects that determine the etch morphol-
ogy must be entirely different in the latter case.

7.1.3. Electroless Etching

Similarly as for the kinetics and mechanisms of electroless etching
(Section 5.3), the GaP-Fe(CN)}~ system will be used to illustrate the factors
that determine the macroscopic morphology in electroless etching. Alkaline
K,;Fe(CN), solutions are often used to differentiate between the two polar faces
of GaP, that is, the (111) and (111) faces [110]. In fact, in most cases triangular
etch pits develop at the (111) face, whereas the (ﬁi) face is etched homoge-
neously. The situation, however, is slightly more complex, since triangular etch
pits were also observed at (111) p-GaP, but only at Fe(CN);~ concentrations
below 0.3 mol 17! and after a very long etching time. For the purpose of the dis-
cussion of these observations, the morphological results on electroless etching
by Fe(CN)?~ are summarized in Table III.

The morphology of etched surfaces can be rationalized on the basis of the
electroless mechanism and hence of electrochemical principles. It is thereby
assumed that the two partial electrochemical reactions that constitute the elec-
troless process do not necessarily take place at the same sites. Furthermore,
since only the anodic partial current involves dissolution of the semiconductor,
it is important to realize that the surface morphology reflects only local differ-
ences in the anodic partial current density. In p-GaP, the holes, which are the
majority carriers, are at quasiequilibrium at the surface. The anodic partial reac-
tion rate at a given site is thus determined by the local hole-capture reactivity,
which hence determines the surface morphology, except when the anodic partial
reaction rate is limited by OH™ diffusion: in the latter case, the rate is the same

TABLE III

MORPHOLOGY AFTER ELECTROLESS ETCHING OF GAP IN FE(CN)}~ SoLuTioNs (PH = 13)

Fe(CN);~
concentration Rate-determining
Face Type (mol. 1") step Morphology
(111) p.n c<1 Injection of h*, Triangular pits
kinetically
controlled
(111) p c<03 Fe(CN)}~ diffusion Triangular pits after

long etching time
(ﬁi) p 03<c<l1 OH- diffusion Smooth
(111) n <03 Fe(CN)3~ diffusion Smooth
(111) n 03<c<1 OH- diffusion Smooth
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over the entire surface. The case of n-GaP is quite different. Here, holes are the
minority carriers, and since they can be assumed to be very rapidly captured in
surface bonds, it is now the availability of holes at the surface that determines
the anodic partial reaction rate and hence the surface morphology. In electroless
etching, holes are supplied by injection from solution, so that for n-GaP, the
anodic partial reaction is expected to take place near the sites where the holes
are injected by Fe(CN).~. The morphology hence reflects local differences in
the hole-injection rate. If either the injection rate is limited by Fe(CN);~ ditfu-
sion or the anodic partial reaction rate is limited by OH™ diffusion, the anodic
partial current density is the same over the entire surface.

Keeping these principles in mind, the interpretation of the morphology data in
Table III is straightforward. At the (111) face, the overall etch rate is kinetically
controlled. The j—V curves for the p-type (111) GaP face are schematically
shown in Figure 8a (omitting the potential dependence of the hole-injection
rate), which demonstrates that the situation at the rest potential V, corresponds
to the rising part of the anodic partial current density. Etch pits are formed
due to local differences in hole-capture reactivity, analogously to the anodic
etching of p-GaP in the rising part of the j-V curve (see Table II, case C).
The j-V behavior of the n-type (111) GaP face is schematically represented in
Figure 8b. Etch pits are formed at sites with a locally higher hole-injection rate,
due to a locally higher position of the valence band edge (dislocation sites). In
this case, the situation is analogous to the photoanodic etching of n-GaP in the
photocurrent plateau (Table II, case G) in that the morphology is determined by
local differences in the availability of holes at the surface. For the p-type (111)
GaP face and at low Fe(CN);~ concentrations (<0.3 mol 1°!), the overall etch
rate is determined by diffusion of Fe(CN);™. The rest potential V, is thus located
in the rising part of the anodic partial current density curve, and etch pits are
similarly formed as a result of local differences in the hole-capture reactivity.
The fact that these pits are only visible after a long etching time may be ascribed
either to the low etch rate at these low concentrations or, alternatively, to the low
selectivity of the (111) face, as discussed in Section 7.3.1. At high Fe(CN);~
concentrations, the overall etch rate at p-GaP is determined by the diffusion rate
of OH™. The rest potential V, thus corresponds to the diffusion-limited plateau
region of the anodic partial current density curve, so that etching leads to a
homogeneously flat surface, as in the case of anodic etching of p-GaP in the
diffusion-limited regime (Table II, case A). For the n-type (111) GaP face at
low Fe(CN)?~ concentrations (<0.3 mol 17!), the overall etch rate is determined
by Fe(CN);~ diffusion. The etched surface is homogeneously flat, since the hole
supply, that is, the hole-injection rate, is the same all over the surface. At high
Fe(CN)}~ concentrations (>0.3 mol 1), the overall etch rate at n-type (111)
GaP is limited by OH™ diffusion. A flat surface is obtained, analogously to the
diffusion-limited, photoanodically etched surface.

In summary, the interpretation of the morphology of electroless etching pro-
cesses at GaP is analogous to the proposed interpretation of (photo)anodic etch-
ing. In electroless etching, however, the potential is not applied by an external
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source, but it is imposed as a rest potential through addition of Fe(CN);~ to the
solution.

In the case of open-circuit etching of GaAs in K;Fe(CN), solutions, it was
found that etch pits develop at both n- and p-GaAs when etching is diffusion-
limited through the cathodic partial reaction [12]. The fact that with GaAs, in
contrast to GaP, a distinction between diffusion limitation by the cathodic and
by the anodic partial reactions is also observed at n-type crystals may be due
to the higher hole mobility in GaAs, which might enable the holes, injected
at a diffusion-limited rate, to move along the surface before being captured
selectively.

7.1.4.  Chemical Etching

In chemical etching of III-V compound semiconductors, differences in the
etch morphology that depend on the crystal face have been reported. For exam-
ple, a homogeneously flat (iﬁ) surface is obtained, whereas triangular etch
pits are formed on the (111) face in the case of GaP-aqueous Br, [49], GaP-
methanolic Br, [74], and InP-HIO, [51]. These chemical etchants hence can
be used to differentiate between the two surfaces perpendicular to the [111]
axis. Considerations involving free charge carriers are evidently irrelevant in the
interpretation of these differences. Rather, one should consider that in all these
cases, the etch rate at the (iﬁ) face is diffusion-controlled and hence equal at
all sites, whereas the etch rate at the (111) face is limited by the surface reaction
itself, the rate of which is locally higher at defect sites. The triangular shape of
the pits evidently reflects the symmetry of the (111) face. Interpretations for the
difference in kinetics were presented in Section 5.4.

The interpretation of the morphology of chemical etching is not always that
simple, however. A more complicated case, for example, is the etching of InP
by HIO; [51]. In this case, it was found that although the etch rate is diffusion-
controlled at all three crystal faces investigated [(111), (111), and (100)], tri-
angular etch pits develop at the (111) face, whereas the (iﬁ) and (100) faces
are etched more or less homogeneously. The following explanation has been
proposed. The etching mechanism consists of different consecutive steps that
involve the formation of decomposition intermediates and of intermediates of
the HIO; reduction. The rate of the first step in the etching reaction, in which
an In—P bond is broken by an HIO, molecule (leading to the formation of a
first intermediate X;), may be assumed to be determined by the supply of HIO,
at the surface. Hence, at all surface sites, X;’ is formed at the same rate. If,
however, one of the subsequent steps is sensitive to local variations in the reac-
tion rate, then the reaction between an intermediate of the HIO; reduction and
a decomposition intermediate will be slow at sites with a low intrinsic reaction
rate, so that intermediates will be able to move along the surface and hence
to react selectively at sites with a higher intrinsic rate. At these sites, etch pits
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develop. The fact that no pits are observed at the (111) and (100) faces can
be explained by assuming a higher reactivity at these faces, analogously to the
etching of GaP, so that at these faces, the intermediates are less likely to move
along the surface.

7.2. PrOFILE ETCHING
7.2.1. General

In the processing of semiconductors for electronic and optoelectronic device
technology, often small parts of a semiconductor sample or layer have to be
removed according to well-defined patterns. This selective removal is mostly
performed by covering the remainder of the surface with a masking layer that
prevents the attack of the semiconductor surface by the wet etchant. The mask
may consist either of a photoresist layer or of a dielectric layer (e.g., silicon
dioxide or silicon nitride), deposited by techniques such as plasma-enhanced
chemical vapor deposition. It is obvious that the etching procedures must meet
very specific requirements, depending on the application. A factor of consid-
erable importance is the shape of the etching profiles near the mask edges.
Whereas profiles etched near mask edges are usually of micrometer scale size,
this type of etching is denoted as microscopic etching. To discuss this type of
etching problem, a two- or a three-dimensional approach is necessary. Since
the semiconductor material covered by the mask is monocrystalline, the micro-
scopic etching kinetics of all crystallographic planes, in principle, has to be
considered near the mask edge; in practice, this is hardly feasible. With III-V
compounds that have the zincblende structure, the fact has to be taken into
account that a polar face consisting of group III atoms exclusively usually has a
much lower etch rate than a polar face consisting of group V atoms. It has been
shown from many experimental data that the etching kinetics plays a decisive
role in the determination of the profile shape and that the macroscopic etching
kinetics of various crystallographic planes constitutes, in many cases, a good
guideline for predicting the microscopic profile shape. With etchants operat-
ing through a chemical mechanism, certain crystallographic facets are revealed
when the dissolution rate of all crystallographic planes is controlled by the sur-
face reaction. However, when the rate of the surface reaction is very high for
all faces, then two-dimensional mass transport of etching species becomes rate-
determining, generally resulting in rounded profiles. Intermediate profiles, the
shapes of which are partly determined by the kinetics of the surface reaction and
partly by mass transport, are also found. Although similar rules as for chemical
etching hold for etching according to an electroless mechanism, complications
may arise in the latter case (see Section 7.2.4.). We now illustrate the preceding
principles with some examples.
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7.2.2. Diffusion-Controlled Etching Profiles

When the etching reaction is controlled by diffusion from solution, a con-
centration gradient of the etchant builds up at the semiconductor-liquid inter-
face. At a macroscopic surface, one-dimensional diffusion has to be considered.
Therefore, the concentration gradient and hence the etch rate is independent of
the position at the semiconductor surface. However, in the case of mask etch-
ing, two-dimensional diffusion of the etchant has to be taken into account in
the neighborhood of the mask edges, so that the concentration gradient depends
on the position at the surface. To predict the shape of etch profiles near mask
edges, the concentration gradient should, therefore, be calculated as a function
of both the etch time and the position with respect to the mask edges. The-
oretical models have been developed on this basis [111-114]. Two cases can
be distinguished, depending on whether the mask can be considered as “semi-
infinite” or is characterized by slits that are so narrow that their width affects
the profile shape. As an example, Figure 23 shows experimental and calculated
results on the profiles obtained with (100) GaAs in a diffusion-controlled etchant
for the face mentioned [H,0,—concentrated aqueous HCI (1:40)] [12]. A SiO,
layer aligned in the [110] direction masked half of the sample (semi-infinite
mask). Comparison of the experimental and calculated profiles shows that the
theory accounts very well for the various features of the profile, including the
rounded shape, the underetching of the mask, and the bulge in the profile. No
trace of any facet is observed in the scanning electron microscope (SEM) pho-
tograph, indicating that not only the (100) face, but also all other crystal planes
are etched under diffusion limitation.

7.2.3.  Kinetically Controlled Etching Profiles

In the case of kinetic control, the macroscopic etching kinetics of the various
crystal planes has to be considered to understand and predict the shape of pro-
files near mask edges. The kinetics of the slowest etching faces is expected to
determine the shape of these profiles. In principle, the prediction is anticipated
to hold for etching through a chemical as well as through an electroless or a
photoetch mechanism. As an example, we consider the case of the photoetch-
ing of (100) InP in Fe**-containing aqueous HCI [56]. To perform the profile
etching experiments, the (100) surface was covered by a dielectric mask, where
the mask patterns consisted of squares (1.2-mm size) with the sides oriented
along the [011] and [011] axes (see Fig. 24). These directions are perpendicu-
lar to the two faces that can be obtained easily by cleavage, that is, the (011)
and (011) faces, respectively. The slit width between the squares was 300 pum.
The semiconductor was etched for 1 h under uniform illumination. Figure 25
shows typical examples of etched profiles obtained at p-type InP. For the mask
edge oriented in the [011] direction, a facet is clearly revealed near the edge,
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Fic. 23. (A) SEM photograph of a profile etched in GaAs with a semi-infinite SiO, mask aligned
in the [110] direction. Etching was carried out for 5 min in a H,0,-HCI (1:40) solution with the
wafer placed in a vertical position. (B) A higher magnification of the same profile in the mask edge
region. (C) The agreement between the profile measured in (B) (continuous line) and that calculated
from theory (filled circles). The underetching and the maximum etched depth are indicated by X,
and Y,, respectively. Reprinted from P. H. L. Notten, J. E. A. M. van den Meerakker, and J. J. Kelly,
“Etching of III-V Semiconductors: An Electrochemical Approach,” ©1991, with permission from
Elsevier Science.

making an angle of 55° with the (100) surface (see Fig. 25a). Hence, it can be
attributed to the (111) In face [115]. As can be seen, the bottom of the etched
groove is flat. A typical example of a profile obtained in the [011] direction is
shown in Figure 25b. Again a facet is revealed, in this case making an angle of
about 125° with the (100) surface, so that the etch groove has a so-called dove-
tail shape. From crystallographic considerations, it can be concluded that again
the (111) In face is involved [115]. Although a small curvature is observed near
the mask edge, the bottom of the groove is flat in the middle.

As mentioned in Section 5.2, the photoetch rate of the (111) InP face in Fe**
is relatively low, which accounts for the facets developed and, hence, for the
shapes of the etch profiles. In the case of photoetched n-InP with the mask edge
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Fi16. 24. Schematic representation of a masking pattern on the (100) InP surface. The mask edges
are aligned either in the [011] or the [011] direction. Reprinted from J. Electrochem. Soc. 142, 1. E.
Vermeir, W. P. Gomes, and P. Van Daele, pp. 3226-3232, 1995. Reproduced by permission of The
Electrochemical Society, Inc.
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FiG. 25. Photographs of profiles obtained at a silicon nitride mask on (100) p-InP after 1-h etching
under illumination in 2-mol 17! FeCl; + HCl (pH = 0); (a) aligned in the [Oli] direction; (b) aligned
in the [011] direction. Reprinted from J. Electrochem. Soc. 142, 1. E. Vermeir, W. P. Gomes, and
P. Van Daele, pp. 32263232, 1995. Reproduced by permission of The Electrochemical Society, Inc.
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oriented along the [011] direction, the sidewall also makes an angle of about
55° with the (100) face. Here, however, complications arise due to the fact that
the bottom of the groove shows a very rough structure. For a discussion on this
problem, refer to [56].

It should be mentioned that whereas usually the (100) face of III-V semi-
conductors is used for mask etching and usually the (111) face is the slowest
etching face under kinetic control, sidewalls with inclinations as shown are very
common.

7.2.4.  Complications Due to Cathodic Protection of Crystal Faces

As mentioned before, when all crystal planes are etched at a diffusion-limited
rate, rounded profiles at mask edges are normally expected. This is certainly the
case when the etching mechanism is chemical. In the case of electroless etch-
ing, however, exceptions with respect to this rule have been observed, namely in
cases in which the diffusion-limiting step is the cathodic (hole-injection) reac-
tion. In the electroless etching of n-GaAs in 0.1-mol 17! Fe(CN);~ solution at
pH = 13, for example, in which diffusion of the Fe(CN);~ is the rate-limiting
step, the (111) face is clearly revealed near the mask edge [12]. In the same
solution but at 0.5-mol 1! Fe(CN);~, however, in which the rate-limiting step is
not diffusion of Fe(CN);~ but that of OH~ ions, a rounded profile is observed.
These findings can be rationalized along the same lines as those developed to
explain certain material-selectivity phenomena (see Section 6), that is, on the
basis of a cathodic protection model. Indeed, as mentioned before, the flat-band
potential of a given semiconductor in a solution of given composition may be
different for different crystal faces exposed to the electrolyte, due to differences
in the structure of the Helmholtz layer. In the case of GaAs, the (111) face
appears to have a flat-band potential that is about 200 mV more positive than
that of the (111) and (100) faces (cf. Section 5.3). Taking the case of p-GaAs,
this implies that at the same electrode potential, the equilibrium hole concen-
tration at the surface p, is lower at the (111) face than at the (111) and (100)
faces. Experimentally, this is reflected by the relative positions of the anodic
dissolution curves in the sense that the onset is more positive for the (111) face.
The observed effect can then be explained on the basis of the same figure as
that used for explaining material selectivity by cathodic protection (Section 6,
Fig. 19), but with the left and the right curves representing, in the present case,
that for the (ﬁi) and for the (111) faces of GaAs, respectively.

When a single crystal is etched at a mask edge, various crystal planes are
exposed to the solution, so that the possibility of local element formation
between crystallographic faces must be envisioned. Considering Figure 19, it is
clear that although the etch rate at all separated faces is controlled by diffusion
of the hole-injection agent, with both faces in contact with the solution and in
mutual electrical contact, the etch rate of the “more noble” face [the (111) face]



6 WET ETCHING OF III-V SEMICONDUCTORS 289

will be diminished and that of the “less noble” face [the (111) face] will be
enhanced. As a consequence, although hole injection at the mask edge takes
place at a diffusion-limited rate over the entire semiconductor surface, part of
the holes injected at the (111) areas will be transported through the semiconduc-
tor to a neighboring less noble area, where they will cause anodic dissolution.
This will result in “cathodic protection” of the (111) face; that is, this face will
dissolve at a relatively low kinetically controlled rate, so that a (111) facet will
develop.

7.2.5. Complications Due to Native Oxide Layers

In the foregoing paragraph, a faceted profile was observed, although a rounded
profile would be anticipated. The inverse effect appears to exist also. This point
will be exemplified by the InP-HIO, system [56]. In the experiments that follow,
the configuration is again that of Figure 24. Profile etching experiments were
performed in aqueous 107>-mol 1! KIO; +HCI (pH = 0) in darkness. Photore-
sist as well as silicon nitride masks were used. The samples were etched for 30
min. Figure 26 shows examples of etched profiles obtained at p-type samples
covered with a photoresist mask. The profile obtained for the photoresist mask
edge in the [011] direction does not reveal any crystallographic facet; instead, a
rounded profile is observed (Fig. 26a). For the mask edge oriented in the [011]
direction, however, a faceted structure is observed (Fig. 26b). The facet makes
an angle of about 47° with the (100) face, which implies that either a (221) or
a (331) face is involved [116]. These faces are stepped faces that consist of In
atoms and can be considered as combinations of (111) and (110) planes [117].

In view of the discussion in the next section, a top view of an etched p-
type sample covered with a photoresist mask is shown in Figure 27. The broad
white fringe observed at the mask edge in the [011] direction indicates that the
underetching is much more important at this edge than at the resist edge oriented
in the [011] direction. The same results were obtained at n-type samples.

For the sake of the discussion, it is important to realize that HIO; etches
InP through a chemical mechanism and that the macroscopic etch rate at the
(100), (111), and (iﬁ) faces of InP under the given circumstances is diffusion-
controlled [51]. If the same were true for any other face, rounded profiles would
be expected, as indeed observed when the mask edge is oriented in the [011]
direction. However, with the mask edge oriented in the [011] direction, a facet
[either (221) or (331)] is developed, suggesting that the face concerned is etched
slowly. Confirmation of this assumption by etching of a (221) or a (331) single
crystal face was not possible, since no samples with the given orientation were
available. It is important to note that an alternative mechanism that leads to facet
development (i.e. galvanic cell formation) can be excluded because the etching
mechanism is chemical.
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FiG. 26. Photographs of profiles obtained at (100) p-InP covered with a photoresist mask after
30-min etching in 107*-mol 1=' KIO, +HCI (pH = 0): (a) mask aligned in the [011] direction; (b)
mask aligned in the [011] direction. Reprinted from J. Electrochem. Soc. 142, 1. E. Vermeir, W. P.
Gomes, and P. Van Daele, pp. 3226-3232, 1995. Reproduced by permission of The Electrochemical
Society, Inc.

The question now arises why, in contrast to the photoetching in FeCl,, the
“slow” face is not revealed when the mask edge is oriented in the [011] direc-
tion. Notten [118] observed an analogous anisotropy in profile shape when etch-
ing InP in Br, + HBr and proposed an interpretation for this anisotropy.

It is assumed that on top of the InP sample (i.e., between the InP and the
mask), a thin oxide film is present and that an anisotropy exists in the lateral
dissolution rate of this film. The anisotropy exists in the sense that the lateral
etch rate is high at the mask edge oriented in the [011] direction but low at
the mask edge oriented in the [Oli] direction. This anisotropy is demonstrated
experimentally by the pronounced underetching of the [011] oriented mask edge,
in contrast to the less pronounced underetching of the [011] oriented edge after
etching in HIO; solution (see top view in Fig. 27). This anisotropy suggests that
the oxide film has an ordered structure.



6 WET ETCHING OF III-V SEMICONDUCTORS 291

Fic. 27. Photograph of top view of a (100) p-InP sample, partly covered by a photoresist mask,
after 30-min etching in 10~*-mol 17! KIO,; + HCl (pH = 0): [011] direction horizontal. Reprinted
from J. Electrochem. Soc. 142, 1. E. Vermeir, W. P. Gomes, and P. Van Daele, pp. 3226-3232, 1995.
Reproduced by permission of The Electrochemical Society, Inc.

The actual situation near the InP surface is shown in Figure 28. The oxide film
between the mask edge and the substrate is represented by the lightly shaded
area. Consider first the profile obtained for the [011] oriented mask edge at
which the lateral dissolution of the oxide film is slow (Fig. 28b). The oxide film
does not significantly influence the microscopic etch rate and the slow-etching
face making a 47° angle with the mask will hence be developed. At a mask edge
oriented in the [011] direction, the lateral etch rate of the oxide is assumed to
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FiG. 28. Model explaining the influence of an oxide top layer on the shape of the profiles etched
in InP: (a) mask aligned in the [011] direction; (b) mask aligned in the [011] direction. (hhl) denotes
either (221) or (331); v,, is the lateral etch rate of the oxide layer. Reprinted from J. Electrochem.
Soc. 142, 1. E. Vermeir, W. P. Gomes, and P. Van Daele, pp. 3226-3232, 1995. Reproduced by
permission of The Electrochemical Society, Inc.
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be diffusion-limited. In that case, the slow-etching face would then be expected
to appear, extending from the oxide edge into the substrate, as symbolized by
the dashed line in Figure 28a. This face is, however, not developed: since the
lateral etch rate of the oxide is diffusion-limited, the top layer of the InP itself
is in direct contact with the etching solution. The etch rate of this (100) face is
diffusion-limited as well. Consequently, a rounded profile will be obtained.

When photoetching InP in FeCl; + HC], one may wonder why, in contrast to
the dark etching by KIO, +HC], a dovetail profile at the [011] oriented mask
edge is developed, even though the properties of the oxide film and the pH of
the solution attacking this oxide are the same in both cases. The crucial point
is evidently that in HIO,, the etching of the (100) face is diffusion-limited,
whereas in FeCly, it is not.

8. Conclusions

From the preceding discussion, it appears that the strategy of combining
electrochemical and etch rate measurements constitutes a powerful tool for
unraveling the mechanisms of etching reactions at III-V semiconductors, so
considerable mechanistic information on these reactions is currently available.
Insight into the mechanisms of wet etching reactions provides a fundamental
scientific basis for controlling etch rates and for development of new etching
procedures, which in the past were established mainly by trial-and-error. This
scientific approach is essential in view of the ever-increasing complexity and
degree of miniaturization in device fabrication. Understanding and controlling
etch rates is particularly important in cases where material-selective etching is
involved, as is often the case with III-V multilayer structures used for opto-
electronic device fabrication. Insight into the rates and mechanisms of etching
reactions at III-V semiconductors also appears to lead to a better understanding
of macroscopic and microscopic etch morphologies. Even more detailed (i.e.,
atomic scale) information on etching mechanisms and on the origin of etch mor-
phologies may be expected in the near future as a result of in situ surface studies
during etching reactions by surface spectroscopic techniques and by scanning
tunneling microscopy. In the case of GaAs, promising results reported recently
were obtained from the in situ use of these experimental methods in the course
of various electrochemical reactions [119, 120, 121].
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