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Abstract

Indium galvanostatic electrodeposition from aqueous solutions on antimony electrodes has been investigated together with time
evolution of the deposit composition. The morphology. composition and structure of the deposit surface and cross-section have been
analysed by SEM-EDS and X-ray diffraction both before and after annealing at 70, 110 and 135 °C for increasing times. The results
showed the formation of InSb, owing to indium diffusion into the bulk of the cathode and to the reaction with antimony. The indium

Jiffusion coefficient in InSb between 25 and 135 °C (from 0.1%10 ' 10 2.6X 10
"y and preexponential factor (1.8X10

values of the activation encrgy (30 kJ mol
Science SA.

"'m’s ") has been estimated from X-ray data and the
"'m’s ') have been determined.  © 1997 Elsevier
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1. latroduction

Compounds of the =1V semiconductor family are
widely used in many tields and the clectrochemical syn-
thesis of some of them has been subject of @ number of
publications. In previous papers [1-3]. we investigated
thin films of InBi prepared by In clectrodeposition on Bi
cathodes as well as the diffusion and reaction mechanism
of formation of the other In-Bi intermetallic compounds
(In,Bi and InBi,). A very high average diffusion coeffi-
cient of In in InBi was found even at room temperature
(around 10" m*s ). The aim of this paper is to extend
the research to InSb formation. This HI-V compound is a
low energy gap semiconductor (0.165 ¢V [4]) useful as
material for IR detectors.

Several authors have investigated the codeposition of In
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and Sb alloys from aqueovs and non-aqueous baths and
Sadana et al. |5] surveyed the literature data up to the end
of 1983 ulso reporting the composition of the electrolytic
baths (mainly containing In as InCly) and the plating
conditions, Subsequently, Sadana and Singh [6] investi-
gated aqueous solutions containing citrate complexes of
the two metals to bring the deposition potentials closer.
Indeed. the standard electrode potentials of the HSbO,/Sb
(pH above 1), SbO " /Sb (pH below 1) and In'" /In redox
systems are 0.230, 0.212 and —0.342 V vs. NHE. respec-
tively [7]. So. the potential difference between the Sb and
In electrode, either 0.572 or 0.554 V. is rather large to
permit a satisfactory codeposition from acidic solutions of
the simple salts. X-ray analysis of the electrodeposited
alloys showed that, according to the phase diagram |8,
one intermediate phase, only. that is InSh, is present in this
binary system.

Electrodeposition of InSb in an unstirred bath was
shown to be a diffusion-controlled process 1. which the
In/Sb concentration ratio has a great influence on the
composition of the clectrodeposited thin film [69]. In
addition, Ortega and Herrero [10] showed the dependence
of such composition on the electrodeposition potential and
obtained polycrystalline InSb, free of In and Sb, from a
bath containing citric acid and In and Sb chloride with an
efficiency higher than 85%, at —0.318 V vs. In.
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A different method of preparing InSb thin films was
proposed by Mengoli et al. [11] involving a sequential
deposition from chloride baths, Sb first, then In. In was
deposited at —0.268 V vs. In from a bath containing 0.3 M
InCl, and 1 M KC! whose pH was adjusted to 1.5-2.0
with HCI. The two-layer samples, consisting of an inner Sb
and an outer In layer (about 1 pm each) deposited on a Pt
substrate, were then annealed at 150, 175 and 185 °C for
times from 1 to 15 h. Their percent conversion to InSb was
determined as a function of time by stripping voltammetry
in a strongly acidic solution (1.7 M HCl, 1.6 M H,SO,)
and the results were qualitatively confirmed by X-ray
diffraction (XRD). Only the In and Sb peaks were detected
after annealing at 150 °C, a temperature close to the In
melting point (150.6 °C) while boih the typical peaks of
InSb and of the unreacted components were present at
175 °C, their relative amount depending on the annealing
time. The single components peaks completely disappeared
by annealing at temperatures equal to or higher than
185 °C for 5-10 h.

Hobson Jr. et al. [12] showed that the rate of formation
of InSb at the interface between In and Sb at 100 °C is
greatly increased when a composite electrode of In elec-
trodeposited on Sb is made the cathode in an electrolytic
cell. Indeed. the diffusion coefficient was lower than 2X
107" m”s™" during the thermal synthesis of InSb and
1.5X10 ' m°s ' during the electrochemical synthesis.
They maintained that the data available at the time of
writing the paper were insufficient to explain such great
difterence in the diffusion rate.

Indium and Sb self-diffusion in InSb was investigated at
478 to 521 °C using a tracer technique and the activation
erergy and frequency factor were determined [13]. The
data yielded different diffusion coefficients for group 11
and group V atoms in the compound 8.3 and 5.9%10 "
m’s ', respectively, at 478 °C. InSb has the structure of
the zinc-blende type with strong tetrahedral In-Sb coordi-
nation. It the two types of atoms were the same, the
structure would be like that of Ge and Si. The diftusion
coefficients in InSb are of the order of those for the
substitutional elements in Ge thus tending to support a
vacancy mechanism in this compound, too. A reasonable
mechanism for self-diffusion accounting for above data
seems to be vacancy diffusion in each of the face-centred
cubic sublattices formed by the two constituents of InSb.
On the basis of bond strength considerations, the authors
could also assume that the diffusing entities in InSb are
neutral atoms and explain the higher diffusion coefficient
of In with respect to Sb.

2. Experimental
The Sb electrode, a cylinder of 16-mm diameter, was

prepared by melting Fluka Sb of 99.9% purity and its
working surface was polished with silicon carbide paper.

The anode (counterelectrode) and the reference electrode (a
thin foil inserted in a Luggin glass capillary) were of In
(99.999% Fluka). The electrolyte was an aqueous solution
0.67 N of InCl, adjusted to pH 1.3 with HCI. The vertical
Teflon electrochemical cell was used with the Sb working
electrode on the bottom. All the measurements were
performed in galvanostatic conditions (555/B Amel poten-
tiostat—galvanostat) and the cell voltage was measured
with a 668/RM Amel potentiostat and recorded on paper
(868 Amel). The potential of the Sb electrode vs. In was
measured during and after electrodeposition with a 755
Yokogawa digital multimeter and stored on a magnetic
medium allowing numerical postprocessing of the data by
a personal computer. Seven runs were carried out at room
temperature at current densities from 2-20 Am ° obtain-
ing In deposits trom 0.026-0.164-pm thick. These are the
theoretical values assuming a uniform distribution (which
was not the case, see below) and 100% In efficiency during
clectrodeposition as the selected experimental conditions
were such that no parasitic hydrogen evolution took place.
Time evolution of these very thin deposits was examined
by monitoring the electrode potential after opening the
circuit. Another set of deposits was prepared essentially in
two different experimental conditicns: thin In deposits (0.8
pm) at 10 A m > and thick (18 wm) ones at 5 Am . in
order to preve the formation of the intermetallic compound
and to study the influence of temperature. At the end of the
deposition process, the electrodes were immediately re-
moved from the electrolyte to avoid In dissolution into the
bath, rinsed in water, dried and annealed at 70 °C in an aiv
thermostat and at 110 and 135°C in an air oven for
increasing times (up o several hundreds of hours). The
deposit surface and cross-section (the samples were cut
after immersion i liquid nitrogen for a few seconds) were
submitied to SEM and EDS (Stereoscan 360, Cambridge
Instrument and AN10/25-Link) and 0 XRD (PW7010,
Phillips, Cu Ka). All the measurements were repeated
several times and the average value of each run was
considered.

3. Results and discussion
3.1, SEM and XRD results

Thin (0.8 wm) In deposits obtained at room temperature
were discontinuous and consisted of isolated microcrystals
having an average size of 5 pm and showing quite regular
crystal planes. The morphology did not substantially
change in the examined time range. EDS evidenced these
crystals being due to In whereas on the remaining regions
of the surface only Sb was found. By heating the deposits,
the surface of the microcrystals became rounded. This was
more especially evident at the highest temperature
(135°C) not far from the In melting point.
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Thick (18 wm) deposits were rough and imperfect with
typical holes but the In dot map analysis of their cross-
section showed their practical continuity. SEM-EDS was
performed at several points of this section from the surface
towards the bulk of the specimen. An example is shown in
Fig. 1@ for a deposit observed two years aiter elec-
trodeposition. The analysed points are labelied with pro-
gressive numbers. They show (Fig. 1(b)) the continuous
decrease in the In atomic percentage which reaches a value
close to 50% at the deposit-substrate interface. thus
indicating the formation of InSb. At higher temperatures,
the deposits were continuous (Fig. 1(¢) shows a topog-
raphic view) and it was easier to observe InSb, for example
after heating the deposit for 334 h at 110°C (Fig. 1(d)
shows the sample cross-section). This sample was scanned
as to In composition along the white line in the micrograph
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©

and the In-line profile was reported below the SEM image.
Although such a profile was difficult to read because of the
skewness of the surface, the comparison of the ratio
between the height of the peaks with that between the
theoretical In/Sb concentration showed that the sample
had the three-layer structure In/InSb/Sb from the surface
to the bulk.

The XRD pattern of the thicker deposits practically
showed only the In peaks. Indeed. X-rays were completely
absorbed in the external part of the deposit and could not
reach the In/InSb interface, the intermetallic compound
lying beyond their penetration depth.

Fig. 2 compares the schematic ASTM peaks of In, Sb
and InSb [14] with the XRD pattern of a thin (0.8 wm)
deposit heated at 135 °C for 51.5 h. Although some lines
are superimposed in the ASTM spectra, it was possible to
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Fig. 2. Comparison of the schematic ASTM lines of In, Sb and InSb {14)
with the XRD pattern of a 0.8-pm thick deposit heated at 135 °C for 51.5
h.

select for each phase at least one typical reflection peak not
influenced by the nearby ones. This peak is at 20=28.6°
for Sb. and is due 1o the {012} plane, at 33.0° for In ({101})
and at 46.6° for InSb ({311}). The comparison of the
sample peaks with the ASTM identification peaks shows
that the deposit contained In and InSb.

In conclusion, EDS and XRD results undoubledly
showed the increasing formation of the InSb phase both
with time and temperature. However, owing to the very
low rate of the solid-state diffusion and reaction process,
InSb could be detected either after aging the deposit for a
very long time at room temperature or after a severe
annealing.

3.2, Indium diffusion coefficient

To estimate the In diffusion coefticient in InSb
different temperatures, we considered the time decrease of
the most intense In line ({101}) in the XRD pattern of the
thin In deposits (0.8 pm). Always examining the same
sample area, we assumed that the intensity of this line is
proportional to the In moles in the deposit. So, if m,, and
m,,, are the In moles deposited on and removed by
diffusion from the unit surface area, respectively, we have

ll
Mem = Myep 1- -l; (1)

where /, and /, are the inten ities of the In line immedi-
ately after deposition and after heating the deposit, respec-
tively. As expected (Fig. 3), the 1,/1, ratio decreased with
the heating temperature.

Accoiuing to Faraday’s law:

”dcp

Myep = F (2)

i being the current density, t4p the time of deposition, F
the Faraday’s constant and :=3. Moreover, according to
Schmalzried [15], assuming In diffusion, we have:

m,.. =VD¥t, 3)

where ¢, is the diffusion time (here the heating time) and
D* is proportional to the In diffusion coefficient, D. A
square root-time dependence is assumed since the sample
surface was covered with In after electrodeposition and,
therefore, the growth rate of the InSb layer in between the
In deposit and the Sb substrate was controlled by the
solid-state diffusion and reaction process. The Schmal-
zried’s theory, discussed in detail for the similar case of
InBi formation (see [2]), implies that local thermodynamic
equilibrium is maintained within the reaction layer and at
the phase boundaries and that the In activity within the
region of homogencity of the InSb phase does not vary by
more than a powcr of ten, so that an average D value over
the reaction layer may be considered. This simplification is
applicable to intermetallic compounds with a standwrd
Gibbs free energy of formation from the clements, AG®,.
higher than — 100 kK mol ' as in our case (~255
ki mol ' [16]).

During these considerations, we assumed that only In
diffused into mSb. As a matter of fuct, In diffusion is

70 110 135
Temperature, °C

Fig. 3. Influence of the heating temperature of 0.8-pum thick In deposits
on the relative intensity of the In {101} XRD line. Heating time: 100 h.
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expected to prevail over that of Sb, owing to the higher
mobility of In, as shown by the much lower melting point:
150.6! and 630.71 °C for In and Sh, respectively. Note that
in the case of both In and Sb diffusion, the obtained
diffusion coefficient would represent the sum of the two
individual coefficients.

The diffusion coetticient depends on D¥ [2] according
to:

p=-(2) A pe
\%/ 7467

-
Ja
N

where R, 7, M and p represent gas constant, temperature
(298 K). InSb molecular weight (236.57 gmol ') and
mass density (5.777 g cm "), respectively.

So, introducing Eq. (4) in Eq. (3), results in:

pf ( 2DAG ", )

My = 4 RT 5)

and equating Eq. (1) to Eq. (5), taking Eq. (2) into

aoonunt we finally ohtain the denendonce of the diffucion
WY LI IIy VYV lll'ull’ WTURASEE VRN “.r\fll“\ill‘v /L WEEW RBABawE IR

coefficient from the /,/I, ratio. Table 1 reports the D
values and their standard deviation evaluated assuming no
Sb diftusion and utilising the standard value at 25 °C for
the Gibbs free energy.

From the linear dependence of In D on /T, we
determined the activation energy (302 kJ mol ™ ') and the
frequency factor (1.820.5X10 " m*s™ ") of the diffusion
process.

The results prove that In diffusion into and reaction with
Sb to form the new InSb phase is a very slow process at
toom temperature. The value of the average diffusion
coefficient (<10 ™ m*s ') may well be compared with
those for common metals and semiconductors (Ge and Si)
which are in the range 10 <10 ™ m’s ' [17).

As stated in Section 1, Mengoli et al. [11] determined
the time dependence of the percent conversion to InSb of
In=Sb samples at high temperatures. As the initial quan-
tities of In and 8b were known, we evaluated from these
data the InSb moles formed on the unit surface area as a
function of time. A square root dependence was found
which allowed estimation of the diffusion coefficient. The
D values turned out to be ~3%10 "™ and 7x10°"
m’s ', at 175 and 185 °C, respectively. in agreement with
our results, considering that at these temperatures In was in
the molten state.

Qur D value is about one order of magnitude lower than
that obtained by Hobson Jr. et al. [12] during the thermal

Table |

Tndium diffusion coefficient in TSh as a function of temperature
Temperature 25 70 10 135

°C)

Dx 10" 0.10:004  058:008  1.22x0.10 259033

(m's ')

synthesis of [nSb at 100 °C. So far, their very high value
obtained during the electrochemical synthesis remains
unexplainable and perhaps not convincing. Indeed, by
,)plymg Schmalzried's relationship [15] to their data, we
found an even higher diffusion coefficient (10 " instead
of 107" m*s™").

3.3. Structural and physicochemical aspects

Contrary to what was observed in the case of In
electrodeposition on Bi cathodes, the In diffusion coeffi-
cient in InSb is very low, about five orders of magnitude
lower than tha* in InBi where D is ~10 ' m* s ™" at room
temperature [3]. This difference may be related to the
different structures.

Most of the 1:1 compounds formed by elements of
groups IlIA and VA of the periodic table to which In, and
Sb and Bi belong (e.g.. AlP, AlSb; GaP, GaAs, GaSb; InP,
InAs, InSb) crystallize with the zinc-blende (cubic) struc-

ture with tetrahedrally coordinated atoms and strong

YYarias AvuLiGvL sy LUULLINGILS QTS it it

covalent bonds (Fig. 4(a), [ 18]). The distance of the clocest
approach of In and Sb in InSb is for example 2.80 A.
Exceptions 1n this series are the compounds involving the
more metallic elements, such as TISb and TIBi, in which
the atoms are in the cesium—chloride (cubic) arrangement
and the interatomic distances are equivalent to the sum of
the metallic radii for eightfold coordination (Fig. 4(b),
[18]). InBi is intermediate between these two structural
types as it has a tetragonal unit cell and metallic bonds
with four-fold coordination. The B-10 structural type (Fig.
4(c). 118]) to which lnBi belongs consists of layers of like
wtoms normal o the ¢ axis with adjacent In layers
separated by two Bi layers (AB,B,A stacking). Each In
layer is bonded to the Bi layer of cither side of it and the
closest In-Bi interatomic distance (3.13 A) is appreciably
greater than the value expected for a covalent bond (2.92
A) or for an ionic structure (2.86 A) and even also much
greater than the interatomic distance for the covalent bond
in InSb (2.80 A). Moreover, the closest approach of Bi
atoms in neighbouring Bi layers is 3.68 A. which is
somewhat larger than the interatomic scpar.mon of Bi
atoms in adjacent layers of metallic Bi (3.47 A). This
arrangement gives rise to a marked cleavage plane normal
to the ¢ axis [19). A structure of this type can also be
described as a distorted cesium-chloride arrangement
when the axial ratio c/a approaches the value of Vai2
(0.707) and the distance between the layer A and the
layers B, and B, approximates 0.5 ¢ so that the atoms in
the layers B, and B, lie now in the same plane (ABA
stacking). However, in this case, the distortion is so great
that a four-fold coordination results and only a formal
resemblance exists between InBi and a distorted cesium-
chloride arrangement.
The structure of InBi with typicai tayers is expected to
be highly favourable to diffusion, particularly in the case
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(b)

(<)

Fig. 4. Atomic arrange ment in (a) zine blende (B-3 steuctural type), (b) cesium chioride (B-2) and (c) lithium hydroxide ¢(B-10) (from [18]). Four umit cells

are shown in the latter case to evidence the layered strectare,

of metals, such as In. which has a low melting point and,
thus, a high mobility. On the contrary, a compound such as
InSb, with strong bonds and a more compact atomic
arrangement, is expected to be more ‘impervious’.

It is now worth recalling that in our case the In diffusion
process is accompanied by a chemical reaction to form the
intermetallic compound. As shown in Eq. (3), the In
quantity removed from the unit surface area of the deposit
in the time unit depends on D* which, according to Eq.
(4), is proportional not only to the diffusion coefficient but
also to the Gibbs free energy of formation from the
elements of the intermetallic compound: —25.5 kJ mol ™'
for InSb [16] and = 3.7 kJ mol "' for [nBi {20], in standard
conditions. Indeed, ihis thermodynamic quantity represents
the difference between the In chemical potential at the two
phase boundaries of the reaction product. As shown, its
absolute value is much higher in InSb than in InBi but not

high enough to compensate for the difference in the
diffusion coefficients. Consequently, since the constant in
Eq. (4) is nearly the same for the two compounds, m,,,, in
the time unit is much lower for InSb than for InBi and it
was not possible to observe the deposited In microerystals
collapse on and disappear from the sample surface as
occurred in the case of In deposits on Bi cathodes {1]. So,
the structural factors prevail over the physicochemical
ones.

4. Conclusions

Indium electrodeposition on Sh cathodes showed the
formation of the InSb intermetalhic compound. Moreover,
XRD data showed that the In diffusion coefficient in this
phase could be determined from the intensity of the
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strongest In line as a function of time after In deposition
and of the annealing temperature.

In general, diffusion and reaction processes in the solid
state ar> scarcely reproducible phenomena owing to the
consistent influence of the crystai geometry (surface cover-
age, material morphology) and structure (single crystals or
polycrystals, preferred orientation, grain size, dislocation
density and other lattice defects) so that only the order of
magnitude of the average diffusion coefficient is signifi-
cant. Since the geometry and structure of both the in
deposit and the Sb substrate depend on the way they were
prepared, the values we obtained for the In diffusion
coefficient (e.g. D=10""" ms™" at 25°C) refer to In
electrodeposits on a bulk Sb substrate. A more detailed
investigation un these aspects may be illuminating. More-
over, the striictural and physicochemical considerations
huve shown the interest in investiguting the formation of
other 1 to 1, ilI-V compounds and suggest promising
research in this area, too.
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