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ABSTRACT

Various chemical treatments of GaSb and related compounds has been studied with the aim to
develop procedures of polishing of GaSb substrates, preparation of their surfaces for
deposition of metal and dielectric films, for liquid phase epitaxial growth, and finally
fabrication of passivating coatings on surfaces of GaSb and its alloys. A broad spectrum of
surface characterisation techniques has been used to analyse morphology of the surface and its
chemical composition after each of the treatments applied. This allowed us to elaborate a
complete set of technological procedures necessary for the fabrication of the efficient GaSb-
based photo- and light emitting diodes operating in the mid-infrared wavelength range.

1. Introduction

GaSb-based semiconductor alloys are well
recognised for their potential applications in mid-
infrared optoelectronics and thermophotovoltaics.
The implementation of these materials, however, has
been hampered by problems with reproducible
control of their surface properties. In this work we
have studied various chemical treatments of GaSb
with the aim to develop procedures of polishing of
GaSb substrates, preparation of their surfaces for
deposition of metal and dielectric films, for liquid
phase epitaxial growth, and finally fabrication of
passivating coatings on surfaces of GaSb and its
alloys. After each of these steps the surface was
examined with the use of optical microscopy,
scanning electron microscopy, atomic force
microscopy, transmission electron microscopy,
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spectroscopic ellipsometry and X-ray photoelectron
spectroscopy to analyse morphology of the surface,
its chemical composition and to check for presence of
surface defects.

The paper is organised as follows: first we review
some basic structural and physicochemical properties
of GaSb surfaces that must be taken into account
when designing processing of GaSb-based
optoelectronic devices. In particular, we point out
a complicated structure of GaSb surfaces and their
high chemical reactivity. Next, we present details of
experimental methods applied for surface treatment
and complementary microanalytical techniques used
for complete characterisation of treated surfaces. The
main part of the paper presents experimental results
on polishing of GaSb substrates, etching of GaSb by
wet and dry etching techniques and fabrication of
patterns on GaSb wafers by photolithography and
etching. Finally, we present results of our studies on
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chemical and electrochemical passivation of GaSb,
InGaAsSb and AlGaAsSb surfaces.

1.1. Structural and physicochemical properties of
GaSb surfaces

Gallium antimonide and related compounds
crystallise in the zinc-blende structure. This structure,
illustrated in Fig. 1, can be considered as two
interpenetrating face-centered-cubic lattices with
group III and group V atoms located on different
sublattices. The lattice constants and energy band
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Fig. 1. The zinc-blende structure of the III-V semiconductors.

gaps of representative compounds are given in
Table 1. Figure 2 shows band gap energy and
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Fig. 2. Band gap and respective wavelength as a function of
lattice constant for III-V semiconductors.

respective wavelength as a function of lattice
constant for III-V semiconductors.

Table 1. Lattice constants and band gap for selected
[I-V compound semiconductors.

Semiconductor Lattice constant Band gap
compound a* [A] Eg* [eV]
AlSb 6.1355 1.63
GaSb 6.0955 0.72
InAs 6.0585 0.35
InSb 6.4788 0.16
"atT=300K

In contrast to elemental semiconductors with pure
covalent bonding, the bonds in the zinc-blende
compounds are of mixed covalent-ionic type. For
example, the ionicity of GaSb is 0.33 that indicates
some charge transfer between Ga and Sb atoms.

The ionic contribution to the bonding in III-V
semiconductors manifests itself in their cleavage
behaviour. Crystals cleave along the non-polar (110)
plane, although the least numbers of bonds would be
broken by cleavage along (111) planes. This is why
covalent Si and Ge crystals cleave along this plane.
The ideal structures of the (001), (110) and (111)
surfaces are illustrated in Fig. 3. The polar (001) and
(111) surfaces are composed of layers of all group III
or all group V elements, whereas in the ideal case the
(110) surface consists of equal number of each of the
constituent atoms. Some of the non-polar cleaved
(110) surfaces have been thoroughly studied by low-
energy electron diffraction [1]. In all studies the
symmetry of the surface unit mesh is that expected
for a truncated bulk solid. That is, there is no re-
construction of surface that could lead to unexpected
diffraction pattern. There are several reasons,
however, for believing that the surface atoms are
relaxed from their ideal bulk positions, adopting
a configuration illustrated in Fig. 4 [2].

Both (001) and (111) surfaces are polar due to the
alternate arrangement of the anion and cation layers
parallel to the surface, so that the ideal surface may
consist of all anions or all cations. In practice these
surfaces are rarely ideal and display numerous
reconstructed forms, which depend on the method of
preparation and the chemical composition of the
surface.

Real surfaces modified by technological processes
exhibit a surface damage region (particularly after
cutting, smoothing or mechanical polishing)
containing many defects as steps, vacancies, stress,
contaminants and native oxides. Impurities on
semiconductor surface may be physically or
chemically absorbed gas, metal ions, organic material
or their combination, and stable chemical
compounds. Metallic contamination usually comes
from chemical agents, whereas photoresists or
organic solvents may be a source of organic
pollution. Exposure of semiconductor surface to
atmosphere activates reaction with oxygen or steam
and causes formation of a native oxide layer.

GaSb surface is much more reactive than that of
GaAs or InP and quickly oxidises under atmospheric
conditions forming an oxide layer that is neither self-
-limiting, stable nor abrupt [3]. Chemical reactivity of
antimonides distinguishes them such a distinct
category of materials [4-9].

The irreversible nature of the reactions suggests
that oxygen atoms, rather than molecules, are
ultimately involved in the chemical bonding. The
value of 3 — 4 oxygen atoms per surface atom is too
high to be explained plausibly by the chemisorption
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Fig. 3. The structure of (001), (110), and (111) surfaces of a zinc-blende compound semiconductor [1].
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Fig. 4. The relaxed (110) surface of III-V compound semiconductor [2].

of oxygen on the original surface atoms alone, so that
additional atoms probably take part in the formation
of the intermediate structures. One moves, therefore,
from the usual concept of chemisorption, where the
structure of the adsorbed layer is determined primarily
by the structure of the underlying surface, to the
concept of complex formation, in which the film can
have a chemical and structural identity of its own.
Figure 5 shows the oxidation rate of III-V
semiconductor compounds at room temperature. The
uptake of oxygen by each sample is normalised to
unit surface area being determined by krypton
adsorption at — 195°C. It is seen that group III
antimonides oxidise much faster than other III-V
compounds. This distinction has a parallel in the
classical oxygen chemistry of the group V elements.
While antimony is octahedrally co-ordinated by
oxygen, arsenic and phosphorous are tetrahedrally
co-ordinated in their oxygen compounds. No such
distinction exists among the group III elements where
octahedral coordination is generally observed.
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Fig. 5. The rates of oxygen sorption on III-V semiconductor
surfaces at T = 26.2°C [4].

The composition of the oxide layers is determined
by kinetic factors, such as rates of reaction, diffusion,
dissolution, and evaporation and thermodynamics,
which predicts the equilibrium oxidation products.
Some important information on the equilibrium in the
oxygen-III-V system provides respective ternary phase
diagram (Fig.6). If elements or compounds are
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Fig. 6. Phase diagrams of the GaSb, InAs and InSb with oxygen.

connected by a line (called tie line) then no reaction is
possible between these two. For example, GaSb does
not react with O to form other compounds.

Conversely, if two elements or compounds are not

different types of oxide growth. Table 3 lists some
properties of various I1I-V oxides.

Table 2. Oxidation of III-V compounds surface [11].

connected by a tie line, then a reaction can occur. The A .
products of such a reaction are those at each end of the | -V Equilibrium | chemical Thermal Anodic
tie lines cut by a line connecting the two reactants. comp- oxide oxide oxide
Investigations on kinetics of reaction between | GaSb | Ga,O;+ Sb Ga,03 +Sb | Gay0; +
GaSb surface and oxygen showed that it takes o A A ;r S(';Z?r
: . nASs n S n S n
a course in two steps [10]: 2 Injoj + + /2\52303
2GaSb + 30, — Ga,O3; + Sb,0;, +A$,03
2GaSb + Sb,0; — Ga,05 + 4Sb. InSb | InyO;+Sb | In,O3+ | In,O3+Sb In,O; +
+ Sb,0; + Sb,05
Table 2 summarises the equilibrium interface
composition and the composition observed after
Table 3. Properties of I1I-V oxides [11].
. MelFing Density Refractive index E AGe AHe c
Oxide Structure point 3 J P
°C] [g/em’] Ny Ng N, [eV] [kcal/mol] | [cal/mol] | [cal/mol]
B-Gay04 Monoclinic 1715 5.95 1.93 - - 4.7 -238.6 -260.3 22.0
GaSbO, Tetragonal — 6.57 - — — - -218.4 —246.2 -
InSbO, Orthorhombic - - — - - — -198.4 -226.7 -
Asy05 Monoclinic 313 4.15 2.01 1.92 1.87 4.0 -137.91 -156.5 22.86
As,05 Hexagonal > 827 4.09 — - - — —187.0 —221.05 -
Sb-0 Cubic 655 5.2 — 2.08 - 6.72 -151.5 -172.1 27.85
>73 | Orthorhombic - 5.67 2.35 2.35 2.18 - —149.7 | -169.3 | 2423

It is worth noticing that an abrupt layer of
elemental Sb may form at the oxide/GaSb interface
giving rise to unwanted conduction paths parallel to
the interface (large surface leakage) and high surface
state density [12].

Different structure of semiconductor surface than
that of semiconductor bulk has a fundamental
influence on the electrical properties of semi-
conductor surface. It leads to the generation of
electronic states, so called surface and resonance
states, which results in Fermi level pinning on
semiconductor surface. It is important to emphasise
that the Fermi level pinning may be caused by as
little as 10'%+ 10" cm™ density of surface states.
Both chemisorption and chemical reactions may lead
to a modification of surface states and generation of
new donor and acceptor states in the energy gap.
These states, in turn, may lead to band bending and
a surface space-charge layer. Again, a density of sur-

face states of around 10'* cm™ may be sufficient for
appreciable effects, so that an adsorbate surface
coverage of 0.1 +1% of a monolayer can have
significant affects on the electronic properties. In
consequence, surface properties such as surface
conductivity, surface recombination velocity,
mobility of carriers and etching rate significant
depend on state of the surface.

Study of the preparation methods of
semiconductor surfaces that are free of damage,
contamination and native oxides is necessary for
reproducible and efficient control of surface
properties. For research purposes such surfaces are
formed by cleaving, annealing in high vacuum and by
epitaxial growth methods (first of all by MBE
technique). In device technology practice contact
with atmosphere is unavoidable and surface
preparation takes place most often by etching
process.
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1.2. Chemical treatment of GaSb surfaces
1.2.1. Etching processes

The choice of etching process and of proper
chemical agent (solution or gas) depends on chemical
composition of etched material and on intended result of
surface treatment. The aim of etching process may be:

— removal of surface layer damaged as a result of
surface cutting, polishing or thinning processes;

— creation of clean surface, free of oxides and
residual contamination;

— revealing of low index planes and defects;

— etching of surface patterns and the control of
surface recombination velocity.

In this context the terminology distinguishes:

— polishing etching process — homogenous removal
of semiconductor surface without surface
damage;

— preferential etching — the process that reveals
crystallographic planes;

— non-preferential etching — the process generating
pits and revealing dislocations;

— anisotropic etching in which horizontal etching
rate significantly surpasses vertical one; v, >> v,
(Fig. 7b);

— isotropic etching, in which anisotropy factor
A =1 —vy/vy has a value of about one (Fig. 7c);

— selective etching, in which etching rate of
overlying layer material significantly surpasses
the etching rate of the material lying below
(Fig. 8);

— non-selective etching, in which selectivity factor
Sag = Va/Vg has a value of about.

(a) (b) (c)

w L.
- -

F_-rMask
A Etched layer A\

Fig. 7. Pattern etching in material A: a) pattern in mask material,
b) anisotropic etching, c) isotropic etching.
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Fig. 8. Selective etching in material A towards to B and C
materials.

The ease with which atoms are removed from the
surface depends on their binding energy, the number
of bonds between atoms and surface and the kind of
atom being removed. The covalent bonding of the III-V

compounds requires the presence of an oxidising agent
to break the bonds. However, a few of the compounds
have enough ionic character of the bonds to be attacked
by HCI. The oxidising agent may be chosen from the
redox table and HNO;, H,0,, Fe3+, or MnO, may be
taken into consideration as oxidising agents. In most
cases complexing agents must also be added to the
oxidising agent to help forming ions stable in the
etchant. The acid etchants such as HF, HCI and H,SO,
may be used to remove surface oxides.

Chemical etching

Chemical etchants for GaSb and related
compounds are given in Tables 4—6. Note that InSb,
GaSb, and their solid solution require an oxidising
agent. Most often HNO; and H,0, are used for this
purpose. Only AISb has sufficiently ionic character to
not require oxidant and to react with HCIL
Optimisation of solution composition is necessary for
control of reaction method and products. For
example, if the ratio of HNO; to HCI is very large,
insoluble antimony tri- or pentoxide forms while all
other ratios yield soluble antimony chlorides. For
strong acidic solutions addition of complexing agents
such as tartaric or citric acid is necessary for prevent
solution from total dissociation. Thus, ratios of HNOj3
to organic acids must favour the organic acids. HNO;
is at the same time oxidising and etching agents
because it oxidises III-V surfaces and etches III — V
oxides (Ga,03 and In,03), simultaneously leaving the
group V oxides (Sb,O; and As;03).

Table 4. Chemical etchants for GaSb.

Etchant Type of Ref
Composition Ratio etching )
HF + HNO; + 6+2+1 Removing of 13
+ CH;COOH native oxides
HNO; + HF + 1+10+15 Polishing 14
+ CH;COOH
Br, + methanol
HCI + H,0, + NaK 0.7+7+25 Polishing 14
HNO; + citric acid 1+3 Dislocations 15
on (111)
CH;COOH + HNO;+ | 20+9+1 Dislocations 13
+ HF on (111)
CH;COOH + HNOs;+ | 40+ 18 +2 | Mesa etching 16
+ HF
HF + HNO; + H,0, 1+1+1 Orientation 17
(001)

In the H,SO4-H,0,-H,O system H,O, oxidises
GaSb surface while H,SO, etches oxides created. H,O,
is neutralizator, which reduces the rate of etching and
creates oxide layer on etched surface. The thickness of
this oxide layer depends on pH of the solution, which is
determinated by the H,SO4:H,0, ratio.

Dry etching

There is a very small number of literature reports
on dry etching of group III antimonides. Most often
Reactive Ton Etching (RIE) has been applied using
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CC14, CClez/Oz, CH4/H2 or C2H6/H2 plasma [23—25],
recently also Cl,/Ar [26, 27]. Few studies have also
been published on electron cyclotron resonance
(ECR) plasma etching in either Cly/Ar or BCl;/Ar
[28], [29] and on chemically assisted ion beam
etching (CAIBE) with an Ar'/I or Ar/Cl, [30].

Table 5. Chemical etchants for InSb.

Etchant Type of
Composition Ratio etching Ref.
HF + HNO; 1+1 Polishing 18
HF + HNO; + 1+2+1 Polishing 19
+ CH;COOH
HNO; + lactic acid 1+10 Polishing 20
HF + HNO; + H,0 1+1+4 Orientation 17
(001)
HF+ HNO; CH;COOH | 1+2+5 | Removing of 21
native oxides
HF + HNO; + H,O 5+ 5+2 | Dislocations on 22
(110) and (100)

Table 6. Chemical etchants for AISb.

Etchant Type of
— - . Ref.
Composition Ratio etching
HNO; + HF + 3+2+5 Polishing 22
+ CH3COOH
HNO; + HF + 25+ 15+ 15+ 3| Dislocations 17
CH;COOH + Br, on (100)
HNO; + HF + H,O 5+5+1 Masa etching 17

Electrolytic etching

In this process etched material is placed on the
anode, which together with an inert cathode (usually
Pt) is dipped in a suitable electrolyte. The electrolyte
must have enough electrical conductivity and
products of reaction must be soluble in the
electrolyte. Some common electrolytes and the
typical conditions of their use are given in Table 7.
Generally, when HNOs is used as oxidising agent the
etching process is controlled by reaction, while
diffusion controls the process in HO, — containing
electrolytes.

Table 7. Electrolytic etching for I1I-V semiconductor

compounds.
.. . Current
Com- | Composition of etching . Type of
: density - Ref.
pound mixture 3. | etching
[A/ecm?]
InSb (HNO;+ ethylene 0.1 -1 | Polishing | 17
glycol) = (1 +8) + few
drops of HF
InSb (HC10O4+ H,0 + acetic 0.05 Polishing | 31
anhydride) =
=(10+2+40); T=5°C
GaSb | (Perchloric acid + acetic - Polishing | 32
acid)=(1+4)
InAs | (Perchloric acid + acetic - Polishing | 33
acid)=(1+4)

1.2.2. Surface passivation

High surface state densities, surface Fermi level
pinning and a residual oxide layer on the surface are
the common problems of all III-V semiconductors.
These phenomena have a negative effect on the
efficiency of many micro- and optoelectronic
devices. To eliminate their undesirable influence on
device properties, the direction called “surface
passivation” is being actively developed. Ideal
surface passivation process must prevent a semi-
conductor from reaction with the atmosphere during
the entire lifetime of semiconductor device (chemical
passivation). Then it must remove interfacial states
from the band gap and/or prevent their formation
(electrical passivation). Finally, it must form the
effective barrier for possible transfer of electrons
from semiconductor surface to the passivating layer.
The term “passivation” signifies that as the result of
the treatment a semiconductor surface becomes less
chemically active, a number of recombination centres
on the surface is reduced and/or these centres
themselves become less active.

Research on passivation of III-V semiconductor
surfaces follows two main directions. The first group
of techniques makes use of deposition on the surface
of relatively thick insulator layers. Their thickness
range from several tens of nanometers to several
micrometers. Then a semiconductor-insulator hetero-
junction is formed, properties of which depend on the
initial density of interface states and surface
treatment (surface pretreatment and heterojunction
preparation) applied. These processes include
passivation by the native oxide and by oxides
obtained by thermal, plasma or anodic oxidation. The
other direction is modification of the surface by the
group V and VI atoms, which change its electronic
structure. This method is often used as the surface
pretreatment. It is worth noticing that silicon native
oxide SiO, acts as ideal surface passivation.
Unfortunately, for III-V compound semiconductors
analogous surface passivation by native oxide does
not work so well. The coatings formed by anodic
oxidation are one of the few examples of practical
use of III-V native oxides. They efficiently protect
semiconductor surface after cutting, polishing and
before next technological steps, e.g. epitaxial growth.
Therefore, the procedure of anodic oxidation is of
special importance in technology of devices based on
GaSb and related compounds.

Anodic oxidation

Anodic oxidation process that takes place in liquid
electrolytes is called electrolytic anodisation as
opposed to gaseous anodisation, which is carried out
in an ionising gas. During electrolytic anodisation the
sample to be oxidised is placed on anode (hence
name of the technique) and is dipped in electrolyte
solution. An inert Pt electrode is used as a cathode.
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Anodic oxidation process is connected with ionic
transport (migration of ions on electrolyte-oxide or
semiconductor-oxide interfaces) and strongly
depends on electrical field intensity in the oxide. It
has been shown that the thickness of the anodic oxide
is a linear function of voltage applied between
semiconductor and cathode [11]. However, oxide
threshold current limits maximum value of oxide
thickness to about 200 nm [11]. Quality and
properties of anodic oxides depend on type,
concentration and pH of electrolyte solution, on the
method of surface preparation, intensity of electrolyte
current and current efficiency of anodisation process.
In anodic oxidation of GaSb 0.1N KMnOQs,,
0.IN KOH or 30% H,O, were used as electrolyte
[34]. InSb has been anodic oxidised in 0.IN KOH
[35-37], while InAs — in 26% H3AsO4, 3% C4H;50¢
and 0.1M KOH [38], [39].

Sulphuration treatment

The sulphuration technique (the surface treatment
with sulphur containing solution) appears as a pro-
mising candidate for surface passivation of III-V
compounds.

It has been shown that sulphur passivation
significantly decreases the density of surface states in
the band gap, the surface recombination velocity and,
as the result, improves many device characteristics.
On the other hand, it considerably decreases the
oxidation rate of a semiconductor surface exposed to
the atmosphere. The development of this method
started in the mid -80s, but significant progress was
obtained in 1990s.

A number of approaches were tried to describe the
sulphur passivation. However, a comprehensive
model taking account chemical and kinetic aspects of
passivation is still lacking. One of the widely
accepted models of semiconductor treatment in
sulphide solutions [40] assumes that the chemical
reaction taking place may be written in the form:

A"BY+HS +H,0 > (A", Sy +
+(B")S,» + OH + H,T.

In general, besides HS™ ions, the solution contains
also S” ions and H,S molecules. However, in the pH
range from 8 to 14 the dominating ion is the HS". The
sulphidising reaction involving S*~ ions and H,S
molecules proceeds in a similar way. The
stoichiometric coefficients X and y can take values
between 1 and 5 (for example GaS, In,S;, Sb,S;).
Still, an analysis of the surface after sulphidising
shows a presence of compounds like (A™),S; and/or
(BY):S; [41], [42].

In the course of the sulphidizing reaction the
oxidation state changes for both the semiconductor
components (which are oxidised) and the hydrogen
(which is reduced), so this is a kind of redox reaction
and can be represented as two half-cell reactions:

AIII BV N (AIII)3+ + (BV)3+ + 66
6H" + 6e — 3H,T.

According to this scheme sulphuration treatment
is interpreted as the charge transfer between the
semiconductor and the passivating solution. From
kinetics point of view there are some factors
influencing the rate of formation of passivating coat.
These are the rate of charge transfer between the
semiconductor and the passivating solution, the
probability Wgg of breaking the bonds between A™
and B atoms and probability Wge of bond formation
between sulphur atoms and A" and/or B atoms:

V = Weg Vet Wer.

Every atom in the zinc blende crystal lattice is
bonded to four others, each bond involving two
electrons with opposite spins, whereas in the sulphide
firmed at the surface each A" or B" atom has only
three chemical bonds. This means that in the
sulphidising process one of the bonds is redundant, so
that for the passivating coat to be formed it is
necessary that the extra electrons either enters the
solution or is transferred to other energy state in the
semiconductor. The first stage of passivation process
is breaking of bonds between A" and B atoms
(Fig. 9a), next is transition of the electron localised
on a dangling bond into the conduction band or to
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Fig. 9. Schematic diagram of the processes occurring during
the formation of a sulphide passivating coating: a) breaking of
bonds between A™ and BY atoms, b) electrochemical reaction,
c) escape of an electron from the semiconductor into the
solution, d) formation of chemical bonds between sulphur and
atoms of the semiconductor [43].

a surface state. Energy required for this, released in
formation of the chemical bonds S-A™ and/or S-BY,
is provided by the photons in electrochemical
reaction (Fig. 9b). Following is escape of an electron
from semiconductor into the solution and formation
of chemical bonds between sulphur (Fig.9c) and
atoms of the semiconductor (Fig. 9d).
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2. Experimental
2.1. Samples

The following samples were used in surface
treatment studies:

— (100) oriented monocrystalline 400 pm thick
GaSb wafers doped with Te (n ~2:10" cm™) and
undoped p-type GaSb wafers with hole concen-
tration p = 1-10"%cm™,

- 1 pm thick In0.19G30A81A50_16Sb0A84 and
Alg3Gag7As0.03Sbog7 epilayers grown on (100)
GaSb substrate,

- GaSb/ InyGa, 4As,Sb,_/ Al,Ga; 4As,Sb, heterostruc-
tures lattice mismatched to GaSb substrate and
designed for mid-infrared photodetectors (PD),

—  GaSb/ In,Ga;_xAs,Sb,_,/AlyGa;_xAs,Sb,_y hetero-
structures lattice mismatched to GaSb substrate and
designed for mid-infrared light emitting diodes (LED).
The epitaxial structures studied were grown by

liquid phase epitaxy (LPE) technique. The compo-

sition of the liquid phase and the parameters of the
LPE growth procedure were optimised to provide
detectors operating up to the wavelength of 2.4 um
[44]. Mesa photodiodes with active area diameter of
200 pm were formed using photolithography and RIE
in CCly/H; plasma. The AgTe/Ti/Au and Au/Zn/Au
metallization were applied for backside n-type and
front p-type ohmic contacts, respectively. The
processing of device structures was completed by
electrochemical passivation of mesa side-walls.

Prior to sulphur treatment the samples were
cleaned in hot organic solvents and etched
sequentially in HCl1+ HNO; =30+ 1 at T=5°C for
t=20sand in HCl + H O =1 + 6 at RT for 60 s.

Table 8 summarises the optimal parameters of LPE
growth process for PD heterostructures which active
layer compositions corresponding to A = 2.25 um and
235 pum wavelength. In Table9 LPE process
parameters for LED heterostructures with maximum
emission in wavelength range 1.94 +2.35 pm are
shown.

Table 8. LPE process parameters of In,Ga,_,As,Sb,_,/Al,Ga,_,As,Sb,_y structures for detectors with A = 2.25 um

and 2.35 pm.
Solid Liquid atomic fractions Growth . Lattice Wavelength
composition X! X! X! X ! temp. Doping | mismatch % [um]

p Ga Al In As Sb T, [OC] Aa/a-1 0—4 K
InollgGaOAglASO_meo‘gz‘ 0.149 — 0.595 0.0017 0.255 528 — — (2—5) 2.25
Al 34Gag 66A80.0255b0.975 0.898 0.020 - 0.0002 0.080 527 Ge +(7+10)
In0‘23GaOA77ASO_1ng0‘82 0.097 — 0.400 0.0270 0.500 593 - +(1—5) 2.35
Al 34Gag 66A80.0255b0.975 0.898 0.020 - 0.0002 0.080 592 Ge —(1+5)

Table 9. LPE process parameters of In,Ga;_cAs,Sb,_,/Al,Ga;_4As,Sb,_y structures for LED with A, = 1.94 um,
2.06 and 2.35 pm.

Solid Liquid atomic fraction Growth ' Wavelength
s 1 1 1 1 1 temp. Doping
composition X'Ga X Al X'Tn X As X'sb T.[°C] A [um]
InO_O(,zGaO_%gAs0v043Sb0,957 0.457 — 0.390 0.00057 0.152 530.0 Te
Al 21Gag79A80,02Sbo os 0.945 0.011 - 0.00038 0.044 529.9 Ge 1.94
p-GaSb 0.938 - - — 0.062 528.0 Ge
In0.034G30.916ASologésbolg14 0.295 — 0.404 0.0018 0.299 593.0 Te
A10,34G3.0.6(,AS().025Sb0.753 0.898 0.020 - 0.0002 0.080 592.8 Ge 2.06
p-GaSb 0.889 - - - 0.110 592.3 Ge
In0.23G30‘77ASO.18Sb0'82 0.097 — 0.400 0.0270 0.500 593.0 Te
Alp34Ga0,66A80.0255b0.758 0.898 0.020 - 0.0002 0.080 592.6 Ge 2.31
p-GaSb 0.889 - - - 0.110 591.8 Ge

2.2. Technology of surface treatment

The following techniques of semiconductor sur-
face treatment were used in this work:
— chemo-mechanical polishing,
— anodic oxidation,
— wet etching,
— dry etching,
— deposition of passivating coatings,
— lithography.
Below some parameters of these processes are described.

Chemo-mechanical polishing

Chemo-mechanical polishing was carried out
using corrosion-proof Malvern Multipol 4 polishing
machine. Pocorfarm 404 as polishing material and
Br,-C,H4(OH), or HF-H;0,-C4H¢Os as polishing
solution were used.

Anodic oxidation

Anodic oxidation was performed in C4H¢Og-
C,H4(OH), solution with positively biased anode;
and anodic voltage in the range from 50 to 100 V.
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Wet etching

In wet etching studies typical dipping technique
was used. HF-, HCIl-, Br,-, or NH;OH-based
solutions as etchants and HNOs- or H,O,-based
solutions as oxidising agents were used. As solvents
and complexing agent H,O, CH;0H or CH;COOH
and C4HO¢ were applied, respectively.

Dry etching

Two techniques of dry etching were applied:

— sputter etching (dc sputtering) in a Leybold Z-400

Sputtering System;

— reactive ion etching (RIE) in a commercial Secon

Mark 4 reactor.

Sputter etching was performed in Ar’ plasma at
pressure  p=8-10" mbar, frequency of plasma
agitation f=13.5 MHz and with positively biased
substrate at the voltage Upc = 120 + 500 V.

RIE system with a diode configuration chamber,
a 13.56 MHz power supply and 6 gas lines equipped
with mass flow controllers were used. The process
gas pressure was measured by a capacitance mano-
meter. Dry etching of GaSb and related materials
surface was carried out with CCL,F, or CCl, plasma
as active gas and H, or N, as gas thinner. All gases
(5N BOC) were used at flow rate of 6.6 + 23.9 sccm
and working pressure of 75 + 162 pbar. A source of
CCly was 99.8% liquid source (LAB-SCAN
Analitical Sciences), while O, and CF, gases were
applied for reactor cleaning.

Deposition of passivating coatings

Surface passivation was performed by dipping
and electrochemical techniques.

The following sulphur sources were used:
— inorganic compounds: Na,S, 21%(NH,),S,
— organic compound- (NH;),CS (thiourea),
both in aqueous solution or in alcoholic solutions:
C3H7OH or C2H4(OH)2.

Electrochemical sulphuration was performed at
RT and with electric current density varied in the
range from 1.6:107 to 35 mA/cm’.

Lithography

Two techniques were used to define pattern on
surfaces of GaSb wafers and GaSb based hetero-
structures:

— photolithography with the use of Carl Siiss MJB
21 UV 400 alignment and exposure equipment
for critical dimension (CD) above 1 um and Carl
Stiss MJB UV 250/350/400 system for pattern
with CD<1 um;

— E-beam lithography with JEOL 6400 scanning
microscope equipped with Raith pattern
generator.

Spin coating and backing process of photo- and
electron - resists were carried out using Brewer
Model 100CB Hotplate/Spinner with computer
control parameters: spin speed v =0 + 6000 rpm, spin

time t=0+999 s and hot plate temperature T =
=50+ 300°C.

2.3. Surface characterisation techniques

For complete characterisation of surface state
complementary microanalytical techniques were
used. They provided information on:

— topographic structure — by using optical micro-
scopy with phase contrast (OM-NC), scanning
electron microscopy (SEM), atomic force micro-
scopy (AFM), transmission electron microscopy
(TEM), spectroscopic ellipsometry (SE), and
precision profilometric measurements;

— crystallographic structure — by using X-ray dif-
fractometry (XRD) and transmission electron
microscopy (TEM);

— chemical structure — by spectroscopic ellipso-
metry (SE) and X-ray photoelectron spectroscopy
(XPS).

For surface characterisation following experi-
mental set-ups were used:

— optical microscopy with phase contrast — Olympus
BX 51 microscope equipped with Microscope
Digital Camera DP 12;

— scanning electron microscopy (SEM) — JEOL 6400
and Philips XL 30 microscopes;

— atomic force microscopy (AFM) — Digital Instru-
ments NanoScope IIla microscope;

— transmission electron microscopy (TEM) — JEOL
JEM 200 CX microscope;

—  spectroscopic ellipsometry (SE) — VASE (Variable
Angle Spectroscopic Ellipsometer) ellipsometer
from J. A. Woollam,;

— profilometry —- TENCOR a-step 200 profiler;

— X-ray diffractometry (XRD) — high-resolution
Philips Material Research Diffractometer;

— X-ray photoelectron spectroscopy (XPS) -—
PHI 5700/660 spectrometer using monochro-
matised Al Ko source at energy of 1486.6 eV and
the incident angle of 45°.

The spectral line of C1s (Eg=284.6¢eV) was
used to calibrate the binding energy. The XPS data-
base from Physical Electronics Handbook of Photo-
electron Spectroscopy [45] was used as the pre-
liminary reference for identifying the chemical states
in compounds.

Ellipsometric measurements performed in the
spectral range from 240 to 1100 nm at two angles of
65° and 75° provided information on thickness,
composition and morphology of surface layers
formed after surface treatment. They also allowed
determining optical characteristics, first of all
refractive index n, of the surface layer. At standard
conditions the sample area of 6.0 mm’ was examined.
In the case of heterogeneous surfaces additional
optical “microspot” system reducing analysed surface
area to 0.12 mm?” was used.
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To  extract physical information  from
ellipsometric data, a model dependent analysis has
been performed. For every surface treatment as
simple as possible nominal model was specified first
and then, the complexity was added when needed to
improve the data fit. The “best fit model” structures
assumed for ellipsometric data analysis are shown in
Fig. 10. Here, surface roughness was simulated as
a 50% mixture of surface layer and air, and interface
roughness (“intermix”) as a 50% mixture of adjacent
materials. In multilayer structures, GaSb oxide and
Cauchy material (in which refractive index and
extinction coefficient are represented by slowly
varying function of wavelength and exponential
absorption tail) either form separate layers, or two-
consistent single layer described by the Brugeman
Effective Medium Approximation (EMA) [46].

d- ronchness d, Cauchv
W . d1 OXide
Model D odel E Model F
d. rouchness d. roushness ds EMA
Model |
Model G Model H d: rouchness
de  Cauchv de  Cauchv 1

d, Cauchv

Fig. 10. The “best fit model” structures assumed for analysis
of ellipsometric data.

The efficiency of passivation process was
examined by measuring the current-voltage and
capacitance-voltage characteristics of Schottky
barrier with Au metalization deposited on GaSb
passivated surface. These measurements were done
with QuadTech 7600 LCR Meter and Keithley 237
High Voltage Source Measure Unit. The
potentiometric and iodometric analyses have been
performed to determine the total sulphide [TS] =
=[S,>"] + [S$*7] and reactive sulphide [RS] = = [S,>~
1+ [Sz_] + [SO;Z_] concentrations in electro- lytes
using Metrohm 721 Newt Titrino system. Basicity of
solutions was measured using pH-meter pH 315i
WTW with precision electrode SenTix @H.

Characterisation of GaSb/InGaAsSb/AlGaAsSb
device structures involved measurements of
photodiode dark current and its spectral response.
Spectral current responsivities have been measured
using Fourier Transform Infrared (FTIR) spectro-
photometer and a low noise transimpedance pre-
amplifier at zero bias conditions.

3. Results and discussion
3.1. Chemo-mechanical polishing of GaSh

From various etching solutions tested, including
NaOCl, HF-HzOz—C4H606 and Brz—ethylene glyCOl
solutions, the last system was the only one enabling
the fabrication of good GaSb surface morphology at
reasonable polishing rate. However, the results
obtained depended strongly on the bromine
concentration (see Table 10). For high Br,
concentration (1 +30) the etch rate was about
9 um/min. Then, rough and cloudy GaSb surface was
observed. For lower Br, concentration (1 + 80) the
polishing rate decreased to 3 um/min and surface
morphology improved. The use of (1 + 100) solution
enabled to produce mirror-like surface at 2 um/min
polishing rate. Detailed ellipsometric and AFM
measurements indicate that such a surface exhibits
superficial layer thinner than 8 nm.

Table 10. Morphology of (100) GaSb surface prepared
by chemo-mechanical polishing.

Soluti Compo- | Etch rate Surface
olution sition [pm/min] morphology

Brz + C2H4(OH)2 1+30 9.0 Rough

Br, + C,Hy(OH), | 1+ 50 7.0 Smooth, dislocation
etch pits

Br, + C,H4(OH), | 1+80 3.0 Smooth, dislocation
etch pits

Br, + C,Hy(OH), | 1+100 2.0 Mirror-like, without
dislocation etch pits

Due to high reactivity of GaSb surface it was
necessary to protect its surface against influence of
atmospheric air after the polishing. This was done by
covering the surface by a thin layer of anodic oxide.
Anodic oxidation of GaSb surface was carried out in
the C4HgOg + C,H4(OH), solution. The results of
measurements of ellipsometric indices A and ¥
presented in Figs. 11 and 12 indicate that parameters
of oxide layers formed by this method agree with
literature data [47]. Using ellipsometric measurements
the dependence of oxide layer thickness on
anodisation parameters has also been determined
(Table 11).

For final optimalisation of GaSb surface polishing
the following three procedures were compared:

A) mechanical  polishing and  etching in

Br, + C2H4(OH)2 = 1+100;

B) chemo-mechanical polishing in Br, + C,H4(OH), =
=1 +100;

C) chemo-mechanical polishing in Br, + C;H4(OH), =
=1+ 100 followed by

— anodic oxidation in
followed by

— removal of anodic oxide in HCI +H,O = (1 + 6).

C4HOg + CoH4(OH),
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superficial layer (d = 1.45 nm) with surface roughness
of 0.4 nm. The AFM micrographs showed in Fig. 14
confirm that this process leads to the smallest

The results of ellipsometric measurements A(A)
illustrated in Fig. 13 and data on superficial layer
thickness collected in Table 12 indicate that the

procedure C gives the best results, i.e. the thinnest

Table 11. The dependence of the anodic oxide thickness on oxidation voltage.

roughness of the surface (RMS = 0.3 nm).

Anodic . . B
oxidation Spectroscopic ellipsometry (for A = 630 nm)
. Voltage Thickness Refractive Extinction
Solution [V] Model [nm] index n coefficient k
C;H4O4t+C,H,4(OH), 50.0 B d;=3.05%£0.2
pH=6.1 d; = 139.70 +0.2 1.97+ 0.002 0.00
75.0 B d;=3.22+02
d; =209.18 +0.2 1.97+ 0.002 0.00
100.0 B d;=4.35%£0.2
d; =281.53 0.3 1.97+0.002 0.00
*
Models, d; and d; parameters are defined in Fig. 10.
T T T T T T T T T 1.0
2.8 . |
26 | 0.8
B S ik
24 F \ ””” k 0.6
22 \\ 0.4
20 — =02
18 PR : I \ I : 1 \ 0.0
200 400 600 800 1000 1200
Wavelength [nm]
Fig. 11. Spectroscopic ellipsometric characteristics n and k of anodic oxide on (100) GaSb surface.
a) b)
70 r T T T T 18 80 —T T T 180
60 r 415 60 1150
® %0r {12 B g {120 B
L; PN\ > o 90 % E} 401 R loo =
30f e 7e i
R ATV e U EXpAE 65° 1
20 j **'Exg E 75° 60 20 1 €0
10F 130 130
30 40 60 80 100 ’126J %OO 400 600 800 100 128
Wavelength [nm] Wavelength [nm
c)
80 18
115
60
—_— ] 12 —_—
g aof loo &
> 160 “
201
130
1 n 1 n 1 n 1 n
%0 40 60 80 100 12(5)

Fig. 12. Spectroscopic ellipsometric characteristics A and ¥ of anodic oxide obtained on (100) GaSb surface at: a) U, =50V,

b)U,=5V,c)U,=100 V.

Wavelength [nm]
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Table 12. Characteristics of polished (100) GaSb substrates.

Spectroscopic ellipsometry
(for L =630 nm)

Surface treatment Thickness of Refractive Extinction
Model superficial layer index coefficient
[nm] n k
Two step treatment: B d;=8.78+0.4
—  mechanical polishing d;=047+0.3 1.94+0.1 0
— etching in Br, + C,H4(OH), = (1+100),
t=3min
One step treatment: D d; =3.00£0.1
chemo-mechanical polishing in Br, + C,H4(OH), = (1 + 100) d,=5.16£0.4 1.55+0.1 0
Sequence: B d;=0.40+0.2
—  chemo-mechanical polishing in Br, + C,H4(OH),= d,=1.05%0.1 1.94 £ 0.1 0
= (1 +100)
— anodic oxidation in C4HsO¢ + C,H4(OH),@pH = 6.1,
U =50V, dy,=140 nm
— etching in HC1+ H,O = (1 +6), t=1 min.

18 L
167
147

A [deg]

127
107
80
60

GaSb, theory

1) chemo-mechanical polishing in
BR+C;Hs(OH)2(1+100) B

2) anodic oxidation

3) etching in HCL+H,O(1+6)

Chemo-mechanical polishing in q
Bry+CzHy(OH)2(1+100)

1) mechanical polishing

2) etching in -
Br,+CoHa(OH)2(1+100)

30 40 50

60 70 80 90 100 110

Wavelength [nm]

Fig. 13. The influence of (100) GaSb surface treatment on spectroscopic ellipsometric characteristics A(L). Theoretical curve of GaSb
surface according to J. A. Woollam Co. Inc. WVASE 32 program v 3.386, tabulated at UNL (Lincoln University, Nebraska, USA).

a) b)

0.8

Fig. 14. AFM micrographs of (100) GaSb surface after:

c)

0.8
X 0.200 pw/div Fim
2 50.000 nm/div

a) two-step treatment: emechanical polishing, eetching in

1Br, + 100 C,H4(OH),, t = 3 min.; b) chemo-mechanical polishing in 1 Br, + 100 C,H4(OH),, ¢) sequence surface treatment
echemo-mechanical polishing in 1Br, + 100 C,H4(OH),, eanodic oxidation in C4H4O4 + CoH4(OH),@pH = 6.1, U =50V, do, =

= 140 nm, eetching in 1 HCI + 6 H,O, t = | min.

3.2. Wet etching of GaSb

Table 13 shows a list of chemical solutions
examined in the present work. For selected solutions
dependence of etched depth on etching time and
typical step profiles after etching are shown in
Figs. 15-20. The effect of surface treatment on the
thickness of superficial layers, their optical constants
n and k (at the wavelength A =630 nm) as well as
values of surface roughness are given in Table 14.

The character of ellipsometric dependencies A(A) and
&(E) (Figs.21 and 22) agrees with available
literature data [48], [49].

Note that HF, HCl and NH4OH-based solutions
etch (100) GaSb very slowly (< 50 nm/min). Usually,
slow etching results in thinner native oxides. In this
respect, the HCI-based solutions seem to be more
favourable than the HF-based ones. In particular,
surface treatment in 1HCI + 6H,0 system reduces the
thickness of the oxide to about 0.9 nm leaving the
surface roughness of RMS =1.65nm, while after
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Fig. 15. The dependence of etch depth on time and step profile
for 100 GaSb surface etched in HCl + HNO; (30 + 1) @ T=5°C.
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Fig. 16. The dependence of etch depth on time and step profile
for 100 GaSb surface etched in 37% HCL.
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Fig. 17. The dependence of etch depth on time and step profile
for 100 GaSb surface etched in 0.02M Br, + 0.02M HNO; +
+(0.80M HCI + CH;COOH).

etching in 1HF + 6H,0 the respective values of oxide
thickness and RMS are about 1.2 nm and 2.8 nm. Thus,
these two procedures seem to be suitable for removing
of residual oxides from GaSb surface. The solutions
containing strong oxidisers exhibit higher etch rate.
Then however, quality of surface is worse.

For shallow etching of GaSb, two-step treatment
is suitable. First, surface damage has to be removed
by etching with a few hundred nm/s etching rate.
Next, thick oxide formed in low-rate etchants is
removed. In this category, surface treatment in
30HCI + 1HNO; followed by 1HCI+ 6H,0 etch
produces GaSb surface with residual oxide layer
ofd= 1.6 nm thick and roughness RMS ~ 0.6 nm
(Fig. 23). In the category of low-rate etchants, the

(pm)
06

0,51
0.44
0,31
0.2

Depth of etching [um]

0,1

0,0+ T T T T
0 2 4 B 8

Time [min]

Fig. 18. The dependence of etch depth on time and step profile
for 100 GaSb surface etched in NH4,OH + H,O = (1 + 10).
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Fig. 19. The dependence of etch depth on time and step profile for
100 GaSb surface etched in 1M C4HsOg + 29M HF + 10M H,O =
=(40 +2 +0.5).
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Fig. 20. The dependence of etch depth on time and step profile
for 100 GaSb surface etched in HClI + H,0, + H,O =
= (60+1+1).

60HCI + 1H,0 + 1H,0,; solution was the one giving
the best results: mirror-like surface with surface
roughness RMS~7nm and thickness of the
superficial layer d ~ 3 nm. Thus the latter system is
useful for GaSb patterning unless poor anisotropy,
inherent to wet etching, is not critical. Figure 24
shows SEM micrograph and step profile of GaSb
stripe structure produced by this procedure.

For chemical thinning of GaSb substrate high
etching rate is required. Our studies show that optimal
results are obtained for the 1HF + 14H,0, + + 20H,O
solution that gives GaSb etching rate of 10 um/min.

XPS technique has been applied to analyse
composition of oxide layers on wet etched (100)
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Table 13. Etching characteristics of (100) GaSb.

Etching solution Composition [};:1 ﬁ:/lr;a:;? mf%ﬁi?ggy
HCI + H,O 1+6 3.0 Mirror-like
HCI + CH;0H 1+3 3.0 Mirror-like
HCl 37% 40.0 Smooth
HF + H, 1+6 6.0 Smooth
HF + NH,F + H,O 2+7+1 8.0 Smooth
NH,OH + H,O 1+10 50.0 Smooth
HCI + HNO;@T = 5°C 30+1 200.0 Mirror-like
0.02M Br, + 0.02M HNO; + (0.80M HCI + CH;COOH) 1+1+(1+1) 100.0 Smooth
0.02M Br, + 0.02M HNO; + (0.08M HCI + CH;COOH) 1+1+(1+1) 500.0 Smooth
HCI + H,0,+ H,0 60+1+1 4.4-10° Mirror-like
HF + H,0, + H,0 1+4+15 3.0-10° Smooth
HCI1 + HNO; + CH;COOH 2+18+40 6.9-10° Smooth
HF + H,0, + C4H¢O¢ 1+14+20 1.0-10* Smooth
IM C4HgOg4 + 29M HF + 10M H,O 40+2+0.5 2.2:10° Smooth
Table 14. The influence of chemical etching on optical properties of (100) GaSb.
Spectroscopic ellipsometry (for A=630nm
Surface treatment Thickness of Refractive Extinction
Model superficial layer index coefficient
[nm] n k
HCI1 + H,O=(1 + 6), t = 3 min. B d;=1.65%0.1
d, =091=+0.1 1.94+0.10 0
HCI1 + CH;0H=(1 + 3),t=3 x 1min. B d;=0.09+0.2
d =129+0.1 1.94+0.10 0
37% HCI, t =1 min. B d;=1.70%0.1
d, =0.80+0.1 1.94+0.10 0
HF + H,0=(1+6), t = 1 min C d,=2.77+0.1 1.6 £0.05 0
d;=123+0.1 1.94+0.10 0
HF + NH,4F + H,0=(2+7+1), t =1 min. C d,=2.00%0.1 1.58 £0.01 0
d=122+0.2 1.94+0.10 0
NH4OH + H,0=(1 + 10), t = 1 min. C d,=227+0.1 1.78 £ 0.05
d;=1.62+0.2 1.94+0.10 0
HCI + H,0, + HyO,=(60 + 1+ 1), t =1 min. D d;=7.05+0.44
d=3.01 +0.30 1.88 £0.30 0
oHCI + HNO;=(30 + 1)@T = 5°C, C d,=0.26+0.21 2.30+0.03 0
t=0.33 min. di=134+0.21 1.94+0.10 0
oHCI + H,0=(1 + 6), t = 1 min.
160 . . . ; ; . . 25 T T R Al T T
150
140+ 20 A }
130
120 151 b

‘—— GasSb theory

—— HCI+ CH,0H (1+3), t=3min
37% HCI, t=1min

— HCI+HNO3,t=0.33min, HCI+H,O(1+6), t=1min

——HF+NH,F+H,0 (2+7+1), t=1min 1

HF+H,0 (1+6), t=1min

—— NH,OH+H,0(1+10), t=1min E

A[deg]

300 400 500 600 700 800 900 1000 1100
Wavelength [nm]

Fig. 21. Influence of chemical etching on spectral

characteristics A(A) of (100) surface. Theoretical curve of

GaSb surface according to J. A. Woollam Co. Inc. WVASE 32

program v 3.386, tabulated at UNL (Lincoln University,

Nebraska, USA).

GaSb surface. The results obtained indicate that as
the result of chemical reaction not only gallium and
antimony oxides but also elemental Sb is left on the
surface. Figure 25 shows XPS survey spectrum of

— GaSb theory

— HCHCH,OH(1+3), t=3min
37% HCl, 1min

— HCIH+HNO,,t=0.33min, HCH+H,O(1+6),t=

HF+NH,F+H,0(2+7+1),t=1min

— HF+HO (1+6), t=1min

—— NHOH+HO (1+10), t=1min

10 15 20 25 30 35 40 45 50 55
Photon energy [eV]

Fig. 22. Imaginary part & (E) of the dielectric function of
(100) GaSb surface after chemical etching. Theoretical curve
of GaSb surface according to J. A. Woollam Co. Inc. WVASE
32 program v 3.386, tabulated at UNL (Lincoln University,
Nebraska, USA).

GaSb surface etched in 1HCI + 1H,0. Then, Fig. 26
and Fig. 27 show fragments of this spectrum (Sb 3d
and Ga 2p core levels, respectively). The XPS spectra
of Sb 3d doublets indicates the presence of SbyOs
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X =0.200pum/div
z=150.000nm/div

“ ' RMS=0.6mm

Fig. 23. AFM micrograph of (100) GaSb surface after

chemical treatment: eHCI+HNO; = (30 + 1) @ T=5°C,
t=10.33 min, eHCI + H,O = (1 + 6), t =1 min.

o) i) (1] =) i

Fig.24. SEM micrograph of GaSb surface etched in
HC1+ H,0, + H,O (60+1+1) (a), and the a-step profile of the
etched feature (b). The stripe is 10 pm wide and 5.8 pm high.
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Fig. 25. The XPS survey spectrum of GaSb surface etched in
1HCI1 + 6H,0, t = 3 min.
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Fig. 26. The XPS spectra of Sb 3d, core level on GaSb surface

(a) etched in 1 HCI + 6 H,O, t = 3 min.; b) Sb surface after

sputter etching in Ar" at Upc=4 keV, t =1 min.
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Fig. 27. The XPS spectrum of Ga 2p, core level on GaSb
surface etched in 1HCI + 6H,0, t =3 min.

Sb 3d3;) and elemental Sb (Eg = 528.3 eV for
Sb3ds, and Eg=537.7 eV for Sb3ds,) on the
surface. Since binding energies for Sb and GaSb are
similar position of the Sb 3d doublet in GaSb was
compared with position of Sb line for pure Sb. In this
way we confirmed that lines with binding energy
Eg =528.3 eV and Eg = 537.7 eV are descended from
metallic Sb.

As anticipated, chemical solutions tested exhibit
significant etching selectivity. Figure 28 presents
etched depth in GaSb, In0422G30_7gAS().1ng0482 and
A10_34Ga()_66AS()_025Sb04975 versus etching time in
60HCI + 1H,0; solution. These results show that wet
etching process is not suitable for etching of mesa
structures in GaSb-based heterostructures. Thus,
alternative processes of dry etching must be
considered for that purpose.
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Fig. 28. Dependence of etch depth on time for GaSb,

Ing 2,Gag 78A80.188bg 82 and Al 34Gag6ASo.025Sbg.g7s surfaces.
Etching in 60HCI1 + 1H,0, + 1H,0 solution.

3.3. Dry etching of GaSh
3.3.1. Sputter etching

Sputter etching in Ar’ plasma would be an
attractive method of in-situ surface preparation prior
to metal deposition if ion-induced damage of
semiconductor surface could be minimised. The
thickness of defected layer can be reduced by
optimisation of DC voltage and sputter etching time.
Influence of parameters of sputter etching on
properties of (100) GaSb surface are illustrated by
data shown in Table 15 and in Figs. 29-30. The

30— ; : . . . . .
25+
20+
15+
10
@ 5 —— HCI + H,0 (1+6), t=1808|
0+ ——Af,U=120V, t=30s+
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10 —Ar:,U:SOOV,t:3OS_
s Af,U=500V, t=60s
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Wavelength [ nm ]

Fig. 29. The spectral characteristics €;(A) and &,(A) of (100)
GaSb after Ar' sputter and wet etching in 6HCI1 + 1H,0.

characteristics of native oxide obtained on (100)
GaSb surface as a result of wet etching in
6HCI + 1H,0 are also included for comparison.

The results indicate presence of a damage layer
with refractive index n=~5.2+5.3 and extinction
index Kk~ 1.5. Thus, the surface is free from native
oxide (Nox=1.94), though the GaSb surface is
damaged (Ngaspb =5.052). The characteristic of
imaginary part g,(E) of dielectric function is the most
sensitive to degree of surface damage. Results shown

25 T T T T T T T
E
207
157
Theoretical GaSb
& ——120V, 30s
107 ——300V, 30s
——500V, 30s
1 ——500V, 60s ]
S ——500V, 240s
—
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Fig. 30. The spectral characteristics &)(E) of GaSb surface
after Ar" sputter etching andwet etching in 6HCI+ 1H,0.
Theoretical curve of GaSb surface according to J. A. Woollam
Co. Inc WVASE 32 program v 3.386, tabulated at UNL
(Lincoln University, Nebraska, USA).

x=0.200pm/div
7z=50.000nm/div

RMS = 0.6 nm

Fig. 31. AFM micrograph of (100) GaSb surface after sputter
etching in Ar" plasma (Upc = 300 V, t =30 s).

in Fig. 30 confirm that thickness and degree of
surface damage increase with increasing of DC
voltage and sputter etching time. Thus, the best
results were obtained by reducing DC voltage to
Upc =300V, that corresponds to etching rate of
6 nm/min, and limiting the etching time to t=30s.
AFM micrograph of GaSb surface prepared in that
way is shown in Fig. 31.

3.3.2.Reactive ion etching (RIE)

RIE experiments were performed with aim to
develop a procedure of anisotropic etching required
in the processing of optoelectronic device structures.
The plasma chemistry has been identified as the key
factor controlling etching characteristics of GaSb and
relative semiconductors. Feed gas composition had
a decisive influence on the etch rate, the microscopic
etch uniformity and the suitability of RIE for the
anisotropic etching of GaSb/InGaAsSb/AlGaAsSb
heterostructures.

Figure 32 shows the GaSb etch depth in
CCLFy/N; and CCIly/N; plasmas as a function of
active chemical etching species CCLF, or CCly
concentration. The following Figs. 33a, 34a and 35a
show similar set of data for CCl,F,/H,, CCl4/H, and
BCl3/Ar plasmas. Etching in CCly-based plasma has
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been found much faster than RIE in plasmas
involving CCl,F,. Most presumably this is due to the
higher concentration of reactive chlorine. For similar
process parameters the lowest etch rates were
observed when RIE was performed in CCI,F,/N,
plasmas, whereas etching in CCly/N; resulted in the
highest etch rates. Although an increase of surface
roughness was observed after some high-rate RIE
processes, it was relatively easy to optimise process
parameters to obtain GaSb surfaces with the
roughness below 5+ 10 nm still keeping relatively
high etching rate in the range from 1.5 to 2 pm/min.
Replacement of nitrogen by hydrogen in plasma

containing CCI,F, led to increase of etch rate, as
illustrated in Figs. 33a and 34a, with simultaneous
deterioration of etched surface morphology. On the
other hand, addition of H, instead of N, to CCl,
causes a decrease of etch rate by a factor of 8 + 10
(Fig. 33b, 35a) preserving good morphology of the
etched surface. GaSb etched in Hj-diluted plasmas
show little change in etch rate until a concentration of
about 45% by volume of active gas is reached. Then
the etch rate increases sharply. Presumably, this rapid
increase starts only when the concentration of active
chlorine species available for the reaction at the semi-
conductor surface achieves a sufficiently high level.

Tabl. 15. The influence of Ar™ sputter etching on (100) GaSb surface state.

Surface treatment Spectroscopic ellipsometry (for A = 630nm)
ITon etching Thickness of Refractive Extinction
U V] t[s] Model superf[ilgs]l layer 1n<r1]ex coeff;cwnt
120 30 G d,=3.69£0.84 5.31 1.45
300 30 G d,=3.73£0.86 5.18 1.43
500 30 G d,=3.74£0.73 5.32 1.43
500 60 G d,=3.84+0.23 5.29 1.57
Wet etching in HCl +H,0 = (1 + 6); B d; =1.65%0.10
t=3 min. d; =0.91+0.10 1.94 0
a) (Figs. 33c, 34c and 35c) show that with increasing
0,10 values of these parameters the etch rate monotonically
:{:f:,n GaSb increases. Most probably, this is the result of the
— 0.09r Pf13'25wb enhancement of ion bombardment energy and an
E 0.8l i increasing generation of radicals. The most important
> finding, with regard to quaternary materials, is very large
£ 007k resistance of InGaAsSb and AlGaAsSb against etching
g ' in CClLyF,-based plasma and low etch rate of InGaAsSb
S o006} in CClyN, plasma. In contrast, etching rates of
£ AlGaAsSb and InGaAsSb epilayers in CClyH, or
2 005} BCls/Ar plasmas are comparable and similar to the etch
rate of GaSb (Figs. 35a, 35d and 36b). Careful analysis
0,04 B 07 008 08 10 12 11 1e of thg -results obtgined ipdicate; that by optimising RIE
b) Tomm o conditions an anisotropic etching of GaSb/InGaAsSb/
30 : i AlGaAsSb device heterostructures is feasible.
— In summary, it is important to point out that
__ ggf Fiomn GaSb ] application of CCl, plasma gives higher etchi.ng rate,
E p=135-140 pbar while advantage of using BCl;-based plasma is better
" 20} ] morphology of etched surface.
g‘)
5 f ] 3.4. Passivation of GaSh surfaces
(']
= Jou 3.4.1. Chemical sulphuration by dipping
g &t technique
o
0 g . ) . . All the structures used in our studies on surface
00 02 04 06 08 10 1.2 passivation were exposed to surface pre-treatment

Gas flow ratio CCI,/N,

Fig. 32. Etching in CCL,F,/N, (a) and CCl,/N, (b)discharges as
a function of feed gas composition.

Plots of the etch depth of GaSb as a function of rf
power (Figs. 33b, 34b and 35b) and processing power

consisting of: a) anodic oxidation in
C4H¢Og + C,H4(OH), system at U = 50 V, b) removal
of anodic oxide in HCl+ H,O=(1+6) for 1 min.
directly prior to sulphuration treatment. After
sulphuration the samples were rinsed in izopropanol
and finally blown dry with nitrogen.




Electron Technology — Internet Journal 37/38 (2005/2006), 4 (http://www.ite.waw.pl/etij/)

18

a)

0.40 T T
0.35
0.30}
0.25}
0.20
0.15
0.10

Depth of etching[ um]

0.05

000 204060810121416182022

Gas flow ratio CCLF/H,

0.090 r
T=45°C
t=10 min.
P=30 W

0.085
0.080
0.075
0.070

0,065

Depth of etching [ um]

CCLF,/H,=0.5

1

0.060 :
70 80

20

100 110 120 130

Total pressure [ubar]
Fig. 33. Etching of (100) GaSb in CCl,F,/N, discharges. Influence of: a) feed gas composition, b) rf power, c) working pressure,

d) etching time.
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Fig. 34. Etching of (100) GaSb, (100) InGaAsSb and (100) AlIGaAsSb in CCly/H, discharges. Influence of: a) feed gas compo-
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Fig. 35. Etching of (100) GaSb in BCl;/Ar plasma. Influence of: a) feed gas composition, b) rf power, c) etching time.
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Fig. 36. Etching of (100) GaSb, (100) InGaAsSb and (100) AlGaAsSb in BCl; plasma. Influence of: a) rf power, b) etching time.

Before studying passivation of GaSb-based
semiconductors we decided to check if they are
etched by sulphur-containing solutions. This is of
prime importance if the passivation procedure is to be
applied for GaSb-based devices containing thin
epitaxial layers. Our results show that all solutions
used etch III-V semiconductors studied. Figure 37
shows the influence of chemical composition and
temperature of sulphur containing solution on etching

rate of GaSb surface. As it is seen 21% (NH4),S-H,O
system gives higher etch rate than 16% Na,S-H,O
system. In addition, increase of solution temperature
increases surface etching rate. The influence of III-V
compound composition and of (NH4),S-H,O solution
concentration on surface etching rate is shown in
Fig. 38. As anticipated, the etching of semi-
conductors with different chemical compositions
proceeds with different rates. Note in this context that
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, , , , , decrease of (NH4),S concentration to 11% (Fig. 38b)
1000 . (:20; i‘ZSSb_H 0. 7220°C pH-13.1 allows for equal etching rates of Ing3Gag77As0.18Sbo g2
. 219 (NHZA)ZS;2T=60°C oH=0.1 , ] and Al 34Gag 66A80.0255bg.975 -
800] * 21% (NH,),S; T=20°C pH=9.f | Variable Angle Spectroscopic  Ellipsometry
(VASE) and X-ray Photoelectron Spectroscopy
(XPS) were applied to characterise the GaSb surface
1 after passivation. The results of ellipsometric
measurements, namely thickness of surface layer, its
refractive index and extinction coefficient, are
summarised in Table 16.
1 The XPS measurements provided information on
2004 ] chemical composition of passivated surfaces.
Since XPS standard data for surface including
1% e | gallium and antimony sulphides are not available, the
0 T 5 5 XPS measurements of Ga,S;, Sb,S; and Sb,Ss
Etching time [min] standard samples were carried out. The results are
shown in Figs. 39, 40, and 41 where the survey
spectra and the spectra of Ga 2p;», Sb 3d and S 2s
signals are displayed. These enabled the evaluation of
a) binding energies of Ga,S;, Sb,S;, and Sb,Ss, which
T e 21 (NH,).S: are presented in Table 17.
900 T=20°C pH=9.1 . It should be noted that for Ga,S;, besides the main
v B8yl 2AS, 15Sbyg, single spectral lines of Ga2ps, and S2s,

800 21% (NH,),S T=20°C pH=9.1 .
Ga AL ‘As sb photoelectron and Auger lines from oxygen and

0.66" +10.34" 20,0257 ~0.975

21% (NH,),S T=20°C pH=9.1 | carbon are clearly visible. The Sb,S;, the spectrum of
6004 i spin-orbit doublet of Sb 3ds, shows distinct low-
binding-energy features. This suggests possible
surface instability of this material. Both Sb,S; and
1 Sb,Ss are characterised by very similar binding
energies.
All the results presented above indicate that as the
1 result of sulphur passivation the (100) GaSb surface
) is covered by a thin sulphur containing layer. Its
structure and properties (layer thickness, chemical
0 7 14 21 28 35 composition, optical properties and surface morpho-
Etching time [min] logy) depend on treatment time and on composition
of the solution.
v v The spectral ellipsometric characteristics A(L)

b Ga,, In, As, .Sb 1 show (Fig. 42) that the (100) GaSb surface undergoes

900 11(‘;:7(N0;i)2;‘$=2:)ii3 pH=8.2] a significant modification after relatively short time
soo]  CPoscAlosSueSDoms | (45 s) of passivation. They show also, that besides
o 11% (NH,),S T=2OCpH=8-2A atype of sulphur source — Na,S or (NH4),S, also
a choice of solvent determines efficiency of surface

600 4 1 modification. This is even more clearly visible in
5004 J Fig. 43 that shows dependence of modified layer
thickness on treatment time for different sulphur
sources and different solvents used for (100) GaSb
300 1 surface passivation. As it is seen, replacement of H,O
2004 J solvent in Na,S based solution by izopropanol
increases significantly modified surface layer
thickness. Then, it becomes even larger than that
o7 T . obtained with the use of 21% (NH4),S-H,O system.
Etching time [min] Simultaneously, roughness of the surface treated by

the Na,S solution is smaller if izopropanol instead of

water is used as the solvent (see Fig. 44).
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Fig. 37. The influence of sulphur source and temperature on
etching rate of (100) GaSb surface.
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Fig. 38. The influence of III-V compound composition and
of (NH4),S-H,O system concentration on etching rate of
GaSb-based compound surface.
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Table 16. Characteristics of (100) GaSb surface after chemical passivation.

Surface treatment Spectroscopic ellipsometry for A = 630 nm
_ . Time Layer Refract. Extinct.
Solution [RS] [TS] pH [NH;'] [min.] Model thickness index coeff.
) [nm] n k
16% Na,S- 0.4 0.34 — 13.1 0.25 C d,=0.66+0.10 1.94 0.00
d;=1.17£0.10
0.50 d,=1.10£0.10 1.95 0.00
d;=1.40+0.10
0.75 d,=1.35+£0.10 1.95 0.00
d;=1.45+0.10
1.00 d,=1.97+0.10 1.79 0.16
d;=1.57+0.10
3.00 d,=2.48+0.15 1.95 0.18
d;=1.95+0.26
10.00 d,=3.95+0.20 1.84 0.17
d;=2.48+0.20
16% Na,S- - - - 11.0 15.00 G d,=1.93 £ 0.30 1.80 0.10
C,H,4(OH),
16% Na,S- 0.01 0.0026 — 11.2 1.00 G d,=11.37+0.05 1.45 0.13
C;H,OH 15 G d,=1446+020 | 1.79 0.01
30 G d,=1842+0.20 | 1.381 0.02
16% (NH,),CS- 0.1 0.07 <1-107 6.0 15.00 G d,=2.35%+0.04 1.93 0.31
C;H,0H
21% (NH,4),S- 3.0 2.6 1.2 9.1 0.75 d,=2.17+0.13 1.16 0.02
d,=2.88 +0.21
1.00 d,=5.28 + 0.08 1.67 0.16
d,=4.32+0.13
3.00 d,=5.92 +0.08 1.42 0.12
d,=4.28 +0.13
10.00 d,=6.82 +0.19 1.22 0.00
d; =3.95 + 0.06
Models, d;, d, and d; parameters are defined in Fig. 10.
b) ‘ c)
— Ga2p,, S 2s
3 3 =
@© = =)
S, a, 3
= 2 =
b= £ £
Ga,S, Ga,S,
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Binding energy [eV] Binding energy [eV] Binding energy [eV]

Fig. 39. XPS spectra of Ga,S; standard sample:
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Fig. 40. XPS spectra of Sb,S; standard sample: a) survey spectrum, b) spectrum of Sb 3ds,, ¢) spectrum of S 2s.
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Fig. 41. XPS spectra of Sb,Ss model sample: a) survey spectrum, b) spectrum of Sb 3d, c) spectrum of S 2s.

There is no doubt that for times below 1 min.
properties of treated surface depend more on the
etching process than on passivation process itself.

Table 17. Binding energies for reference samples of
szS5, szS3 and GaQS3.

Sulphide Spectral line Binding energy
[eV]
Sb,S;s Sb 3d;, 538.9
Sb 3ds), 529.6
S2s 226.2
Sb,S; Sb 3ds, 538.8
Sb 3ds), 529.5
S2s 225.7
Ga,S; Ga2p 1117.8
S2p 161.4
S 2s 225.8
180
160 - ®=75 m
140 4 @)
120 A ®)
gmo 1 “
< 80+ /
60
40+
20

80 1000

200 400 60
Wave?ength A Tnm]

1200

Fig. 42. Spectral characteristics A(L) of (100) GaSb surface
after various chemical treatments in sulphur containing
solutions: (1) theoretical curve of GaSb surface according to
J. A. Woollam Co. Inc. WVASE 32 program v 3.386, tabulated
at UNL (Lincoln University, Nebraska, USA), (2) sulphuration
in 16% Na,S-H,0, t = 0.75 min., @ RT, (3) sulphuration in
21% (NHy),S-H,O, t = 0.75min @ RT, (4) sulphuration in
16% Na,S-C3H,0H, t = 0.75 min @ RT.

For longer treatment time passivation process
dominates that leads to thin passivating layers. Their
thickness and composition depend on other process
parameters (e.g. temperature, solution pH, etc.). For
example, Fig.45 shows the XPS spectra of GaSb
surface after etching in 1HCI-H,O and passivation in
16% Na,S - H,O (t =1 min.) and 16% Na,S-C;H;OH
(t=1min.). Ellipsometric (Table 16) and XPS
(Fig. 45) results indicate that passivating layers
formed in aqueous solutions have large oxide

20 T T T T T T T

15} ]

Layer thickness [nm]
>

0 5 10 15 20 25 30
Time [min.]
—*— 16% Na,S-H,0 pH=13.1
21%(NH,)S-H,0 pH=9.1
—s— 16%Na,S-C3H,OH pH=11.2
16%Na,S-C,H4(OH), pH=11
Fig. 43. Time dependence of modified surface layer thickness
on sulphur passivated (100) GaSb surface.

o

component while passivation in alcoholic solutions
allows to obtain thick coatings with a large sulphide
component.

The question arises about long-term stability of
sulphur-containing passivating layers. To clarify this
issue the XPS spectra of (100) GaSb freshly treated
in 16% Na,S-C,H4(OH), for 15 min. were compared
with those of the same sample after two months long
air expose. Figure 46 shows significant increase of
Sb 3ds, + O 1s  signal intensity that indicates
progressive reaction of passivated surface with
oxygen.

To study influence of sulphur passivation on
electronic properties of GaSb surface Au/n-GaSb
Schottky diodes were prepared on passivated and non-
passivated (100) GaSb wafers. Figure 47 shows
current-voltage characteristics of such diodes, while
Table 18 presents their ideality factor, height of the
Schottky barrier and intensity of reverse current. As it
is seen, sulphur passivation of GaSb surface leads to
higher Schottky barrier, closer to one ideality factor and
smaller reverse current of the diode. This illustrates
significant improvement of diode characteristics being
due to sulphur passivation of the GaSb surface. Similar
finding has been reported by Perotin et al. [S0] and
Dutta et al. [51]. Thus, chemical passivation of
semiconductor surface in sulphur containing solutions
seems to be promising tool in device production.
Since passivated surfaces are quickly covered by
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additional coatings, long-term stability of passivation
in air is not a big issue in this case.

Surface passivation techniques can be used to
protect freshly deoxidised substrates for the time
needed to load them to epitaxial reactors. For
example, hydrogen passivation of silicon, obtained
by final dip in diluted HF, is commonly applied prior
to epitaxial growth on silicon substrates. We checked
applicability of sulphur passivation of (100) GaSb
substrates as surface protection prior to LPE growth

a)

x=0.2p

RMS=4.2nm

z=50nm/div

of GaSb/InGaAsSb/AlGaAsSb heterostructures for
photovoltaic detectors and LED operating in the mid-
infrared. For passivation process both 16% Na,SH,0,
(t=1min.) and 16% Na,S-C;H,OH (t=1 min.)
solutions were used. After loading the substrates
passivating layers were removed by vacuum
annealing inside LPE reactor at T = 640°C fort=1 h.
The AFM micrographs of treated (100) GaSb
surfaces shown in Fig. 48 indicate that roughness of
so prepared surface does not exceed 0.4 nm.

b)

m/div s

RMS=1.6nm

Fig. 44. AFM micrographs of (100) GaSb surface after chemical passivation in: a) 16% Na,S-H,0, t = 1 min. @ RT, b) 16% Na,S-

C3H7OH, t=1 min. @ RT.
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Fig. 45. XPS spectra of passivated and non-passivated (100) GaSb surface: a) survey spectrum: b) spectrum of Ga 2p;,, ¢) spectrum of
Sb 3d, d) spectrum of S 2s.
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Fig. 46. XPS spectra of (100) GaSb surface passivated in 16% Na,S-C,H4(OH), measured: a) directly after passivation process,

b) after 1 month of air exposure, ¢) after 2 months of air exposure.

Table 18. Parameters of Au/n-GaSb Schottky diodes.

Ideality factor Height of th.e Reverse current
Pre-treatment of GaSb surface N Schottky barrier atUg=02V
@ [eV] [HA]
30HCI+1HNO; at T = 5°C, t = 0.33 min., IHCI-6H,0, t = 1 min. 1.2+1.3 0.45 480.0
16% Na,S - H,O at RT, t = 10 min. 1.18 0.52 23.0
21% (NH,4),S-H,0, at RT, t = 30 min. 1.03 0.49 50.0
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Fig. 47. Forward current-voltage characteristics of the GaSb Schottky barrier for various GaSb surface treatments.
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e « x=0.2um/div
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RMS=0.3nm

Fig. 48. AFM micrographs of (100) GaSb surface after: a)sulphuration in 16%Na,S-H,O, t = 1 min., annealing @T = 640°C,
t = 60 min. in vacuum, b) sulphuration in w 16%Na,S-C;H;0H, t = 1 min., annealing@T = 640°C, t = 60 min. in vacuum.

Sulphide treatment of GaSb substrate influences
structural quality of GaSb/InGaAsSb heterostructre
grown on top of it by LPE. Figure 49 shows X-ray

50 .
4 Gasb

InGaAsSb

4
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1 1 1 Ay
0 200
2 Theta/Omega (s)

Fig. 49. X-ray diffraction spectra of Ing;9GaggiAsg16Sbog4
grown by LPE on (100) GaSb surface treated in: a) HCI-6H,0,
t=0.33 min, b) 16%Na,S-H,O, t=1min. and annealed
@T = 640°C, t = 1 min.

diffraction rocking curve of InGaAsSb epilayer
grown on sulphide-treated GaSb substrate. Well
developed intensity oscillations testifying improved
abruptness of the heterojunction are clearly visible.
Also TEM micrographs shown in Fig. 50 prove better
quality of GaSb/InGaAsSb interface when surface
pretreatment of GaSb substrate in Na,S followed by
in situ annealing at 640°C were applied before LPE

a) ;
InGaAsSb " ¢

InGaAsSb

Fig. 50. Cross-sectional TEM micrographs of
Ing 19Gag g1 Asg16Sbgs grown by LPE on (100) GaSb surface
treated in: a) HCI-6H,O, t=0.33 min., b) 16%Na,S-H,0,
t =1 min. and annealed @ T = 640°C, t = 1 min.
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growth. Table 19 shows values of epilayer/substrate
lattice mismatch and the carrier concentration in
undoped n-type InGaAsSb epilayers. It should be
point out that low doping level in n-InGaAsSb
epilayers is crucial for their application in PDs
structures. The results shown in Table 18 prove that
good lattice matching between GaSb substrate and
InGaAsSb epilayer has been obtained. Moreover,
they indicate that sulphide pre-treatment reduces the
carrier concentration in InGaAsSb layer to 10" cm™.
Most probably this results from better quality of
GaSb surface after sulphurisation/annealing
treatment. The presence of sulphur in the growth
solution might also be beneficial for the reduction of

native acceptor centres in InGaAsSb. In particular,
we have found that sulphide preepitaxial treatment
improves spectral characteristics of photodiodes
and increases their detectivity up to D, =310" +
+2:10" ecmHZz"*/W. Moreover, we have observed
a threefold increase of quantum efficiency and
twofold increase of emission power for InGaAsSb/
/AlGaAsSb LEDs if our new procedure of sulphide
pretreatment of (100) GaSb substrate prior to LPE
growth is used. As example, Fig.51 shows
significant  improvement of current-voltage
characteristic of InGaAsSb/ AlGaAsSb LED made
on GaSb substrate passivated in sulphur containing
solution.

Table 19. Influence of (100) GaSb surface pre-treatment on carrier concentration in undoped epilayers InGaAsSb.

. Pre-treatment of substrate Vacuum annealing in situ in LPE Carrler.

Epi-layer concentration

material surface reactor [om™]
Solution t [min.] T[°C] t [min.]

Ing.19Gagg1A80.165b0 84 1HCI-6H,0 0.33 640 60 (2.6-13)-10'°
16%Na,S-H,0 1.00 640 60 2.8-10"
21%(NH4),S-H,0 1.00 640 60 5.1-10"

Ing 23Gag.77A80.185bo 52 1HCI-6H,0 0.33 640 60 (2.1-20)-10'°
16%Na,S-H,0 0.75 640 60 47-10"
21%(NH,),S-H,0 15.0 640 60 1.1-10"

3.4.2. Electrochemical sulphuration of GaSb and
related compounds

Having experience in chemical passivation of
GaSb we have compared results of electrochemical
sulpuration of GaSb and GaSb-based compounds
using three solutions with different sulphur sources

namely (NH4),S, Na,S or (NH;),CS, and with
different solvents (H,O or C;H;OH).

Table 20 shows the results of potentiometric and
iodometric analyses of the total sulphide
concentration [TS] = [sz_] + [Sz_], reactive sulphide
concentrations [RS]= [sz_] + [Sz_] + [SO32_] and
electrical conductivity 6 of these three electrolytes.

Table 20. Characteristics of electrolytes and process parameters applied for electrochemical passivation of
GaSb-based materials.

¥ ok Current
[TS] [RS] T 5 . t
Electrolyte pH [mol/dm®] | [mol/dm’] [°C] [Q'm] [Iﬂi‘fc‘gz] [min.]

21% (NH,),S-H,0 9.1 26 3.0 2 0.12 4 30
16% Na,S-CsH,0H 112 0.003 0.01 PP 0.030 2 15
Procedure B
16% (NH,),CS-C3H,0H+ 43 0.07 0.1 bp) 0.0017 0.4 15
+0.5% 1M(CgHgO7+C;H,0H)
Procedure C

"[TS]=[S,>] + [S*] - total sulphide concentration, [RS] =[S,

71+ [S%7] + [SO527] — reactive sulphide concentration.

Generally, sulphur compounds are not easily
soluble in alcohols and their solutions exhibit low
electrical conductivity. Especially for
16% (NH;),CS-C;H,OH an addition of citric acid
(0.5%) is necessary to improve electrochemical
characteristics of the solution. 21% aqueous solution
of (NHy),S (a commercial product) is characterised
by the highest content of active sulphur and has the
best electrical conductivity. In this case however,
care must be taken to avoid electrolyte-aging effect.

In particular, we have found 30% decrease of
active sulphur concentration [RS] after exposing the
solution to atmospheric conditions.

Figure 52 shows dependence of thickness d of
passivating layer fabricated on GaSb surface on
current density j and processing time t for three
selected sulphur containing electrolytes. It is seen
that initially the thickness increases rapidly as
function of the current density and processing time,
then it saturates. GaSb surface treatment in 21%
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Fig. 51. Forward current-voltage characteristics of LED

without passivation and after passivation of (100) GaSb
substrate surface in 16%Na,S-H,O t =1 min.

aqueous solution of (NH4),S appears the most
effective for growing thick passivating coatings.
Here, the saturation of d(j) curve was observed at the
current density of about 35 mA/cm®. However, in
order to ensure good surface morphology the current
density should be limited to j = 4 mA/cm”.
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Fig. 52. The influence of the current density (a) and the
processing time (b) on the thickness of passivating coating
fabricated on (100) GaSb surface by electrochemical treatment
in 21% (NHy),S-H,O, 16% Na,S-C;H,OH, and 16%
(NH,),CS-C3H,0H solutions.

Knowing the d(j, t) dependence and taking into
account the results of AFM analysis (Fig. 53) we
decided to concentrate on such procedures that give
the thickest possible coatings with surface roughness
below 10 nm. Specification of these processes is
given in Table 19.

The results of studies of electrochemically
sulphurated GaSb surface by XPS and spectroscopic
ellipsometry are shown in Table 21. The results of
VASE analyses prove insulating character of
passivating coatings. In particular, Fig. 55 shows that
thin films obtained by electrochemical treatment in
21% (NH4),S and in 16% Na,S-C3H,OH exhibit
good insulating properties (e; =0.014 and ¢, = 0.029)
at 1.1 eV (Fig. 54), i.e. in the wavelength region
important for MIR devices. Results of peak fitting
procedure for corresponding XPS spectra were
compared with XPS data for unpassivated GaSb
surfaces displayed in Fig. 55. The shift of Ga 2p
signal towards higher energy, the appearance of
single peaks for Sb 3d doublets and strong peak of
S 2s suggest that Ga,S; and Sb,Ss are the main
components of passivating layers.

3.4.3. Electrochemical passivation of InGaAsSh
and AlGaAsSh

3.4.3a. VASE analysis

Tables 22 and 23 show details of the electro-
chemical treatments of Ing,3Ga;7Asg18Sbog, and
Aly34Gage6Aso025Sbog7s  epilayers,  respectively,
together with thickness and complex index of
refraction of the resulting thin film overcoats
determined by VASE measurements. The values of
optical constants are given for A =630 nm to allow
for their comparison with the standard ellipsometric
data obtained with the use of He-Ne laser.

Figure 56 shows spectral characteristics of real (n)
and imaginary (K) parts of the complex index of
refraction of anodic oxides grown on
Ing23Gaz7As0.18Sbog,  and  Alg34Gag 66AS0.0255b0.975
surfaces. Comparison of the VASE characteristics of
anodic oxides (with various thicknesses) with those
of Ing,3Gas7As0.18Sbo sy and Alg34Gag 66AS0.0255b0.975
surfaces after removal of anodic oxides (1HCI-6H,O
etch) allowed us to determine the optical constants of
semiconductor materials under investigation. Fig. 57a
shows the values of the real €, and imaginary &, parts
of the complex dielectric function versus photon
energy for Ing,3Gaz;Asg sSbos, epilayer after
removal of the anodic oxide. Fig. 57b displays
similar data for A10'34Ga()'66ASO'025Sb0'975 epilayer.
Ellipsometric characteristics of g/ (E) and ¢&(E)
obtained for Ing,3Gas;As(.13Sbg g, correspond well to
those published by Munoz et al. [52]. No similar data
has been published for A10.34Ga(),56ASQ,025Sb0,975 SO
far.
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Fig. 53. AFM micrographs of (100) GaSb surface after electrochemical passivation according to procedure: A — 21% (NHy),S-
H,O0 (a), B - 16% Na,S-C;H,0H (b), C — 16% (NH,),CS-C;H;0H (c).

Table 21. (100) GaSb surface state after electrochemical treatment in sulphur compounds solutions.

(100) GaSb surface treatment Spectroscopic ellipsometry (for A = 630nm)
T Anodic t .| Layer thickness Refract. | Extinction
Procedure Solution composition o voltage . Model index | coefficien
[°C] U [min. ] [nm]
A[V] n tk
A 21% (NHy),S - H,O 22 10 30 G d,=354.20 + 0.02 1.42 0.020
B 16% Na,S - C;H,OH 22 20 15 G d,=218.5+0.03 1.53 0.004
C 16% (NH,),CS-C;H,OH + 22 80 15 G d,=60.18 £ 0.10 1.15 0.008
0.5% IM (C¢HgO;+C3H,0OH)
*Model and d, parameter are defined in Fig. 10.
Table 22. Properties of (100) Ing,3Gag77A80.18Sbg g» surface layer (after electrochemical treatment.
(100) Ing3Gag 77As0,185bg s, surface : : _
treatment Spectroscopic ellipsometry (for A = 630 nm)
. T Anodic t Layer thickness Refract. Extinct.ion
Method Solution °C] voltage [min ] [hm] index | coefficient
Ua[V] ) n k
Anodic oxidation | C4HsO6-C,H4(OH), 22 50 25 108.0 + 0.1 1.95 0.08
pH=6.1 100 25 241.7£0.1 1.95 0.08
Etching of 1HCI-6H,0 22 - 1 2.00+0.1 1.94 0.00
anodic oxide
Electrochemical | 21% (NH,4),S-H,O 22 10 30 99.65 £ 0.1 1.65 0.02
sulphuration pH=09.1
Electrochemical | 16% Na,S-C;H,OH 22 20 15 98.00 £ 0.1 1.84 0.04
sulphuration pH=13.1
Table 23. Properties of (100) Aly34GagsAso.1255bg.975 surface layer after electrochemical treatment.
(100) In°‘34Ga‘t)‘r§$;2;iSb°‘97s surface Spectroscopic ellipsometry (for A = 630 nm)
T Anodic t Layer thickness | Refractive | Extinction
Method Solution [°C] voltage [min.] [nm] index | coefficient
Ua[V] : n k
Anodic oxidation | C4H¢O4-C,H,(OH), 22 50 25 130.0£0.1 1.93 0.0003
pH=6.1 100 25 226.5+0.1 1.93 0.0003
Etching of 1HCI-6H,0 22 - 1 3.00+0.1 1.94 0.00
anodic oxide
Electrochemical | 21% (NH,4),S-H,O 22 10 30 100.31 £ 0.1 1.67 0.08
sulphuration pH=09.1
Electrochemical | 16% Na,S-CsH,OH 22 20 15 93.00 £ 0.1 1.87 0.03
sulphuration pH=13.1
The effect of electrochemical treatment in resulting surface overcoats are shown. These prove

21% (NH4),S-H,O and 16% Na,S-C;H,OH on the
surface  properties Ing23Ga77AS0.18Sbo 52 and
A10_34Ga()_66AS(]'025Sb0.97 is illustrated in FlgS 58 and
59 where spectral characteristics €;(E) and &,(E) of

insulating properties of both passivating coatings and
their usefulness for devices operating in the near- and
mid-IR wavelength ranges.
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Fig. 54. Spectral characteristics of €; (a) and &, (b) of GaSb surface after passivation according to procedure: A — 21% (NH,4),S-H,0,
B — 16% Na,S-C;H,0H and C — 16% (NH,),CS-C;H,0H.
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Fig. 55. XPS spectra of survey (a), Ga 2p;» (b), Sb 3d (¢), and S 2s (d) signals from (100) GaSb surface after electrochemical
treatment in 21% (NH,4),S-H,O for 30 min., 16% Na,S-C;H;OH for 15 min., and 16% (NH,),CS-C;H;OH for 15 min. Data for
5% HCI treatment are shown for comparison.
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Fig. 56. Spectral characteristics n(}) and k() of anodic oxide (anodic oxidation in C4H¢O¢-CoH4(OH),@ Ua= 50 V, t =25 min.)
on Ing;3Gas;As0,185bo.g2 () and Alg34Gag e6AS0.0255bo.97s (b) surfaces.
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Fig. 57. Spectral characteristics €;(E) and &,(E) of Ing,3Gag 77AS¢ 13Sbg.g» (a) and Alg34Gag 66AS 0255bg 975 (b) surfaces.
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Fig. 58. Spectral characteristics €;(E) and &,(E) of Ing»;Gag77As0.13Sbg g, (2) and Alg34Gag ¢6ASg.025Sbo.g75 (b) surfaces passivated

in 21% (NH,4),S-H,O for 30 min.
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Fig. 59. Spectral characteristics €,(E) and &(E) of Ing»3;Gag 77A50.18Sbog> (a) and Aly34Gag ¢6A80.025Sbg 975 (b) surfaces passivated

in 16% Na,S-C;H;0OH for 15 min.

3.4.3.b. X-ray photoemission

The influence of the -electrochemical sulphur
treatment on the composition of near-surface region of
Ing23Gaz7As0.18Sbogy  and Al 34Gag 66AS0.0255b0.975
epilayers 1is illustrated in Figs. 60—62, in which XPS
spectra of bare (i.e. after HCI etch only) and sulphur- -
treated semiconductor samples are juxtaposed.

One of the main features distinguishing the effect of
(NH4),S-H,O treatment from that of Na,S-C;H;OH is
the appearance of Na 1s line (XPS survey spectra in
Fig. 60), corresponding to the formation of Na,SO; on
both, Ing3Gaz7As0.18Sbo g2 and Alg34Gag.e6A80.0255b0.975
samples exposed to electrochemical treatment in Na,S-
C;H;0H [45]. XPS spectra of Ga 2pzp, Sb 3d, S 2s and
In3d lines for Ing,3Ga;7Asg1sSbog, sample before
sulphur treatment (i.e. after HCI etch only), namely the
positions of Ga 2ps, spectral peak (Eg=1118.5¢eV),
the Sb 3d doublet (Eg=528.3 eV and Eg=537.7 eV)
and the spectral peak of In 3d (Eg = 442.0 ¢V), indicate
the presence of Ga,0O;, Sb, and In on unpassivated
semiconductor surface. Arsenic signal is of too low
intensity to give any informative outputs

Some features of the XPS spectra of
Ing23Gaz7As0.18Sbgs; sample after electrochemical
treatment in 21% (NHy),S-H,O, specifically, the shift
of Ga?2p line towards lower energy (Eg
=1117.8 eV), the appearance of strong peaks in
Sb 3d doublet (with binding energy Eg=1538.9 ¢V

for Sb 3d;,, line and Eg = 529.6 eV for Sb 3ds,, line),
and strong peak of S 2s (Eg=225.9 eV) prove that
Ga,S; and Sb,Ss are the main components of
passivating layer. Moreover, the appearance of strong
In 3d line (Eg = 444.8 eV), indicate the formation of
In,S;5 in surface region. Such conclusion agrees very
well with literature data [53].

XPS spectra of Ing,3Gaz7As0.18Sbg g2 sample after
electrochemical treatment in 16% Na,S-C;H;OH
show  similarities to those obtained after
21% (NHy4),S-H,O treatment, as far as the shift of
Ga 2ps, line towards lower energy and the
appearance of Sb 3d and In 3d doublets (indicating
formation of Ga,S;, Sb,Ss, and In,S;3) are concerned.
However, contrary to the 21% (NHy4),S-H,O
treatment, the XPS spectrum of S 2s (Fig. 61c) shows
two distinct peaks, which suggests that in this case
sulphur exists in two chemical states. Specifically,
apart from low energy peak at Eg=225.9 eV
attributed to the formation of Sb,Ss; another peak at
Eg =233.2 eV indicates formation of additional
compound. The published XPS data on binding
energies of sulphur compounds are based on the
analysis of S 2p lines. Unfortunately, since the S 2p
spectra overlap with that of Ga 3s we had to analyse
3 2s spectra rather than of S 2p. Consequently,
literature data for S 2p could not be directly applied
to our analysis. However, taking into account that the
distance between the two lines attributed to two
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Fig. 60. XPS survey spectra of Ing,3Gag77AS18Sbosy (a) and Aly34GagesAso2sSboors (b) surface after electrochemical
passivation in 21% (NH,4),S-H,O and 16% Na,S-C;H,OH. Data for 5%HCI treatment are shown for comparison.
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chemical states for S 2p spectra agrees with the
distance between analogous lines for S 2s spectra, we
suggest that the high energy line for S2s spectra
(Eg =233.2 eV) can be attributed to the formation of
Na2803.

XPS spectra of Ga 2ps;, Sb 3d, S 2s and Al 2p lines
registered for  Alp34Gags6AS0.025Sbog7s  samples
(Fig. 62) indicate the presence of Sb, Ga,03, Al,O3 and
Al-As bonds on unpassivated surface (after HCI etch).

In particular, the Al2p line indicates two chemical
states of Al. The line at binding energy of about
Eg=75¢eV can be attributed to Al,O; although its
position is slightly shifted to higher energies in
comparison to the literature data [45]. The low binding
energy state can be related to the bonding of
aluminium to arsenic, with agreement to the reported
value of binding energy of Eg=73.6 eV for Al-As
bond [45].
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Fig. 63. AFM micrographs of Ing,3Ga;;Asg 1sSbg g, surface: a) before, b) after passivation in 21% (NH,),S-H,O for 30 min. and
Aly34Gag ¢6AS0.025Sbg 975 surface: ¢) before, d) after passivation in 21% (NH,4),S-H,O for 30 min.
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Fig. 64. The influence of electrochemical treatment in
21% (NH,),S-H,O for 30 min., 16% Na,S-CsH;OH for 15 min.,

and 16% (NH,),CS-C;H,OH for 15 min. on dark current of
InGaAsSb/AlGaAsSb photodiodes.

Electrochemical treatment in 21% (NH4),S-H,O
results in the shift of Ga 2ps/; line (to Eg=1117.8 eV)
and the appearance of Sb3d doublet, proving the
presence of Ga,S; and Sb,S5 on
A10_34Ga0_66As04025Sb0.975 surface. Again, the Al 2p line
indicates formation of Al,O3; and of the Al-As bonds in
the surface region.
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Fig.65. The influence of electrochemical treatment in

21% (NH4),S-H,O for 30 min., 16% Na,S-C;H,OH for 15 min.,
and 16% (NH,),CS-CsH,OH for 15 min. on differential
resistance of InGaAsSb/AlGaAsSb photodiodes.

chemical composition. Apart from spectral lines
corresponding to the formation of Ga,S; and Sb,Ss, the
spectrum of Al 2p line suggests formation of Al,S;
while that of S 2s the appearance of Na,s0,. Additionally,
AFM micrographs of (100) GaSb surface before and
after passivation presented in Fig. 63 indicate that
electrochemical passivation in 21% (NH4),S-H,0,
16% Na,S-C;H,OH and  16%(NH,),CS-C;H,OH
allows to obtain a smooth surface with roughness
below 10 nm.
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Fig. 67. Long-term stability of I(V) characteristics of

InGaAsSb/AlGaAsSb  PDs photodiodes passivated in

21% (NHy4),S-H,O for 30 min. (a) and 16% Na,S-C3H,OH

for 15 min. (b).

The effect of electrochemical passivation of mesa
side walls on the properties of GaSb/n-
Ing »3Ga77As0,18Sbg 82/p-Aly34Gag 66AS0.0255b0 975 photo-
diodes is illustrated in Table 24 and on Figs. 64—66.
Significant improvement of photodetector parameters,
i.e. lower dark current and increase of the differential
resistance and of the detectivity, has been obtained
when applying 21% (NHy),S (at pH=9.1, j=4
mA/cm’, t=30min) or 16% Na,S-C;H,OH (at

pH=11.0, j=2 mA/em?’, t=15 min.) treatments.
Reliability studies have been carried out for these two
passivation procedures and their results are shown in
Fig. 67. Ageing of photodiodes passivated in
21% (NH4),S was performed within 24 months, while
those passivated in 16% Na,S-C;H,OH is still in
progress. Thus, both treatments show long term
stability of the passivation effect.

Table 24. Influence of electrochemical sulphuration
treatment on parameters of GaSb/n-Ing,3Gaz;Asg15Sbg s/ /p-
A10A34G30A66ASO‘025Sb()‘975 phOtOdeteCtOTS.

Pro- Ro 2@ u@m . gjf;jﬁt D'@ 22 pm

cedure [Q] [A/W] [pA/HZ'?] [cmHz"*/W]
Without | 500 0.9 0.5 10 4-10°
sulphur.

A 1600 | 1.3 0.7 4 1.5-10"

B 2000 1.5 0.8 4 2-10"

C 1200 | 1.8 0.6 7 1.2:10"
R, — differential resistance, R; — responsibility, 1 —quantum
efficiency, D —detectivity

The conclusion of the experiments presented above
is that both A and B procedures can be used for

effective  passivation of GaSb-based surfaces.
Specifically, electrochemical treatment in
21% (NH4),S aqueous solution allows obtaining

300 nm thick sulfide coatings, while passivation in
Na,S alcoholic solution produces 100 nm thick sulfide
layers. These coatings when applied for passivation of
mesa side walls of GaSb/InGaAsSb/AlGaAsSb
photodiodes enable reducing their dark current by a
factor of 4 and increasing the differential resistance by
a factor of 4. As the final result of our studies devices
charac- terised by the detectivity of 1.5 + 2-10"°
cmHz"%/W and dark current density of 20 mA/cm?” at —
0.5 V bias have been fabricated and their long-term
stability has been proven.

4. Conclusions

Summarising, various procedures of GaSb surface
chemical processing have been developed. Our studies
show that for processing of optoelectronic devices the
best results are obtained by (i) chemo-mechanical
polishing in Br,-ethylene glycol, (ii) pre- epitaxial
treatment of GaSb substrates in Na,S-H,0 followed by
in-situ annealing in vacuum, (iii) surface treatment in
30HCI-1HNO; followed by 5%HCI] etch prior to
metal/dielectric deposition, and (iv) surface passivation
in either aqueous (NHy),S or alcoholic Na,S solutions.
Another important result of this study is the evaluation
of optical constants for Ing;3Gaz;7As018Sbogy and
A10.34G30.66A50_0258b0'975 in the mid-IR region. Such
data has not been published so far. Presented XPS data
of bulk Ga,Ss, Sb,S; and Sb,S;5 samples can be used as
reference in further XPS analysis of sulphurised
surfaces of GaSb-based materials.
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The measurable result of this work was successful
application of elaborated processes for the fabrication
of efficient optoelectronic devices operating in the
mid-infrared wavelength range.
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