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The stability of indium sulphide aqueous supersaturated solutions at pH 2.50 and 25 °C was
investigated. Spontaneous precipitation proceeded at rates proportional to the solution
supersaturation via a polynuclear mechanism and the phase formed was identified as In,S,.
The absorption spectrum of In,S; was measured from 190-800 nm and from the absorption
threshold the optical energy gap was estimated to be £, = (1.8 + 0.1) eV. The thermal energy
gap E = (1.6 + 0.2)eV was determined from resistivity against temperature measurements and
a thermopower coefficient S= — 100 uVK™* at room temperature was found. Finally,
In,S;/polyaniline and In,S,/polypyrrole heterojunctions were prepared and from the
investigation of their 1-V characteristics, the values of the ideality factor, n, the saturation
current density, J,, and the effective barrier height, ¢, were determined to be n = (15 + 2),
Jo=1(38+7) Am~? and @z = 0.56 eV for the polyaniline and n = (64 + 8), J, = (13 + 2)
Am~2 and ¢ = 0.569 eV for the polypyrrole heterojunction.

1. Introduction

Metal chalogenides form a very interesting class of
compounds because of their photocatalytic properties
when irradiated with visible light. Indium sulphide
(In,S;), usually an n-type semiconductor with an en-
ergy gap of approximately 2.0eV [1], at ambient
temperatures shows a defect, cubic structure known as
a-In,S;, which transforms into a defect spinel,

B-In,S;, at 420°C and into a layered structure,

v-In,S;, at 740°C [1-3]. Despite the fact that In,S;
shows interesting properties, systematic work concer-
ning its preparation in aqueous media and character-
ization of polycrystalline preparations was not found
in the literature. Characteristics such as particle size of
In,S, have been reported to be significant for photo-
corrosion of this material [4, 5], as well as modifying
the band gap [6].

A study of the In,0,-H,S-H,0 system in which
the stability regions of the supersaturated solutions
were defined and the spontaneously formed solid pre-
cipitates were characterized, is reported here.

Retently, increasing interest has been shown in
heterojunctions which can convert optical to electrical
energy with one of the two materials of the junction a
conducting polymer [7, 8]. Conducting polymers are
inexpensive and easy to construct and they can be
reversibly doped in a way that their electrical con-
ductivity varies continuously from an insulating to a
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metallic state [9, 10]. Polyaniline and polypyrrole
are chemically stable under environmental conditions
and they have been recently synthesized and their
electrical properties investigated in our Departments
[11-13]. These prompted us to construct In,S,/
polyaniline and In,S;/polypyrrole heterojunctions
and investigate their I-V characteristics, noting that
these have possible applications in photovoltaic elec-
tric generators.

2. Experimental procedure

2.1. Crystallization experiments

The experiments were carried out at 25.0 + 0.1°Cin a
200 cm® thermostatted, double-walled cylindrical
Pyrex vessel. Triply distilled, carbon dioxide-free
water and reagent-grade solid reagents were used for
the preparation of stock solutions. Indium chloride
{Merck) was used for the preparation of stock indium
solutions, which was standardized (at 303.9 nm) by
atomic absorption spectroscopy using a Varian 1200
instrument. Ammonium sulphide stock solutions were
prepared from the reagent (Merck) and were stand-
ardized for sulphide by a titrimetric (iodine) method
{14]. Equal volumes of the stock indium chloride and
ammonium sulphide solutions, 100 cm?® each, were
prepared and subsequently mixed in the reactor. Both
the conductivity and the solution pH were monitored
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following the preparation of the supersaturated solu-
tion through appropriate sensors fitted in the lid of the
reaction vessel.

The pH of the supersaturated solutions was adjus-
ted to the desired value by the controlled addition of
0.1 moldm ™3 nitric acid standard solutions (Merk,
Titrisol). The time elapsed from mixing the indium
and sulphide solutions to the observation of a change
in solution conductivity, shown by the change of the
slope in the plot of conductivity versus time, was
defined as the induction period. The reproducibility
was better than 5%. During the course of the reaction,
samples were withdrawn and filtered through mem-
brane filters (Sartorious 0.20 um) and the liquid phase
was analysed for indium while the solids were charac-
terized by powder X-ray diffraction (Philips 1300/00)
using aluminium as internal standard, by infrared
spectroscopy (Perkin—Elmer 477), scanning electron
microscopy (Jeol JISM-35) and diffuse reflectance spec-
troscopy (DRS Shimadzu, Spectronic 210 UV).

2.2. Preparation of the polymers

The deposition of the conducting polymers was car-
ried by polymerization under low pressure (0.1 mm
Hg) in a vacuum reactor [15]. Temperature was main-
tained at 15°C and the reaction time was 24 h for
polyaniline and 5 h for polypyrrole. Prior to depos-
ition of the conducting polymers, the surfaces were
treated with 0.1 ml aqueous 35% FeCl, (Ferrak,
Analar). The conducting polymer surface was washed
with methanol and dried under vacuum overnight.

2.3. Conductivity measurements

The specimens in the shape of discs, 13 mm diameter
and about 1.5mm thick, were made by pressing
indium sulphide powder in an IR press. For the con-
ductivity measurements a centred square four-probe
array of electrical contacts, made by pressing tungsten
wires against the specimen, was employed [16]. Meas-
urements of the d.c. resistivity against temperature
were made in a cryostat containing liquid nitrogen.
Thermopower measurements in the range from
280-320 K were carried out in an apparatus described
elsewhere [17].

3. Results and discussion

The experimental conditions and the initial rates ob-
tained are summarized in Table 1. The solid pre-
cipitates collected at the end of precipitation showed

the characteristic powder X-ray diffractograms of
In,S; [18] (Fig. la).

Chemical analysis based on dissolution of precipita-
ted indium sulphide specimens gave an In/S stoi-
chiometry of 0.68 + 0.08 (mean of twenty specimens).
In Fig. 1b the infrared spectrum of the solid pre-
cipitates is shown. All subsequent analysis was there-
fore made with respect to the formation of this solid.
The driving force for the formation of In,S; is the
average change per ion in the Gibbs energy, AG, on
going from supersaturated solution to equilibrium

AG = —(RT/5)In[(In®")%S27)3/Ks°] (1)
AG = — (RT/5)1nQ )

where R is the gas constant, 7 the absolute temper-
ature, Ks° the thermodynamic solubility product of
In,S; and the parentheses denote activities.  is de-
fined as the supersaturation ratio for non-equivalent
solutions, the number of ions in the crystal is 5, while

Qs — 1 3)

is the relative supersaturation with respect to the solid
phase considered. The computation of the driving
force and the solution supersaturation necessitated the
calculation of the activities of all ionic species in
solution. This was done from the appropriate equilib-
ria summarized in Table II [19], the mass balance
equations for total indium, In,

c =

In, = [In**] 4 [InCI**] + [InCl5 ] + [InCI§]
+ [InOHCI*] 4 [In,OHCI**] + [TnOH?*]
+ [In(OH); ] + [In(OH);] + [In(OH); ]
+ [Iny(OH); ] (4)

and for total sulphide, S,
S, =[S*"1+ [HS"] + [H,S] (5)

By including the electroneutrality condition, the sys-
tem of equations was solved by successive approxima-
tions for the ionic strength [207]. In Equations 4 and 5
the square brackets denote analytical concentrations
of the species.

As may be seen from Table I the induction times are
inversely proportional to the solution supersaturation
and the stability diagram is presented in Fig. 2. The
dependence of the rates of precipitation, R, on the
relative supersaturation was fitted to the phenomeno-
logical equation

R = Ko™ (6)

TABLE I Spontaneous precipitation of In,S; in aqueous solutions. Total indium, In, = total sulphide, S;: pH 2.50, 25°C

Exp. In, =S, AG Induction time, t Rate
(10”* moldm ~3) (kJ mol™1) (min) (10° mol dm ™2 min~1)
1 2.00 —82 4 4.5
2 1.75 -179 10 2.8
3 1.50 - 76 30 1.8
4 1.25 — 7.1 112 12
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Figure I (a) Powder X-ray diffraction spectrum of In,S;. (b) In-
frared spectrum of In,S; spontaneously precipitated in
InCl;{(NH,),S solution.

TABLE II Equilibria for speciation calculation in indium (IIT)
sulphide aqueous solutions at 25°C.

Equilibrium Thermodynamic constants [19]
log K°
InCI** =In3* + CI- —232
InCl; =In3* 4 2CL~ —3.62
InCl; = In3* + 3Cl™ —4.00
InOHCI* = InCI2* + OH™ —10.30
In,OHCI** = InOHCI" + In** — 1.60
InOH2* = In®** + OH" — 10.00
In(OH); = In*" + 20H" —20.20
In(OH); = In®* + 30H" — 29.60
In(OH); =In®* + 40H" — 3390
Iny(OH); " = 3In3* + 40H" —50.20
In,S4(s) = 2In3* 4+ 382~ — 69.40
16/ N
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Figure 2 Stability diagram for the InCl,(NH,),S system, pH 2.50,
25°C.

5458

in which K and n, are constants. A logarithmic plot
according to Equation 6 yielded a straight line shown
in Fig. 3. From the slope of the line, a value of n, = 3.0
+ 0.2 was obtained. Similar values have been ob-
tained for other spontaneously precipitating systems
[21-23]. The high value of n, is probably due to the
fact that initial rates are considered. At this point both
nucleation (high values of n,) and crystal growth
(n, = 1 or 2) are operative. Typical scanning electron
micrographs of spontaneously precipitated In,S; are
shown in Fig. 4.

Fig. 5 shows the absorption spectrum of In,S,
precipitates. The energy gap evaluated from the
absorption threshold was 1.8 eV. In,S; specimens in
the shape of discs, 13 mm diameter and about 1.5 mm
thick, were heated at 250°C at a heating rate of
10K min~! for 1.5min in a tube furnace with a
nitrogen flow rate of 250 cm® min 1. Further invest-
igation of the electronic properties of the In,S; was
done by measuring the resistivity of the preheated
In,S; discs, as a function of temperature. A diagram of
In p against 1/T is shown in Fig. 6. As one can observe
from this diagram, the resistivity remains almost con-
stant below approximately 330 K, although at higher
temperatures an exponential decrease of resistivity
with increasing T is observed. This is typical behavi-
our of a heavily doped semiconductor, in which impu-
rity-band conduction takes place at T < 330 K before
thermal excitation of carriers results in the expo-
nential intrinsic conduction region [24]. From the
slope of the latter a thermal energy gap E, = (1.6

+ 0.2) eV is deduced.
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Figure 3 Spontaneous precipitation of In,S; in aqueous solutions,
pH 2.50, 25°C.



Figure 4 Scanning electron micrographs of spontaneously precipi-
tated In,S;.

The thermopower of the specimens was about
— 100 uV K ! in the temperature range 280-320 K,
typical for an n-type semiconductor.

Polyaniline and polypyrrole exhibit a thermaily
activated conductivity, following the equation
6 = 6oexpl — (To/T)"], where o, and T, are quantit-
ies almost independent of temperature and deter-
mined mainly by the polymer and the dopand. The
exponent n takes the values  for polyaniline and } for
polypyrrole [25, 26] indicating conduction by
tunnelling of carriers between “metallic” regions in the
first and by variable-range hopping in three dimen-
sions in the second polymer.

The fibril structure of the polymers makes them
non-homogeneous and the change of their conductiv-
ity is governed almost exclusively by the interchain
hopping of the carriers, polarons in polyaniline and
bipolarons in polypyrrole. At room temperature the
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Figure 5 Absorption spectra of In,S; precipitations.
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Figure 6 Plot of Inp as a function of 1/7T for In,S;.

conductivity of polyaniline and polypyrrole is about
16Q 'em™! compared to 52x1073Q *em ™! for
In,S;. The thermopower, on the other hand, depends
mainly on the intrachain conduction [9] and at room
temperature takes the values S = — 50 uV K ' and
20 pV K~ ! for polyaniline and polypyrrole respect-
ively [12, 13].

In Fig. 7a and b, the I-V characteristics of the
In,S,/polypyrrole and In,S;/polyaniline are shown,
respectively [27, 28]. The difference between the work
functions of In,S; and the two conducting polymers
creates a potential barrier across the junction. The
electric field into this barrier is essential for the opera-
tion of the heterojunction as a photovoltaic cell. For
the In,S,/polypyrrole, the forward bias corresponds
to an external electric field from polypyrrole to In,S;.
This is justified by the fact that polypyrrole has a high
work function @p, = 4.8 ¢V [7], and receives electrons
from In,S;. The opposite happens for the In,S;/
polyaniline heterojunction.

The I-V characteristics can be understood accord-
ing to the theory of metal-semiconductor barriers
[29, 30]. When thermionic and thermionic field emis-
sion are present, the current is

J = JoexplqV/nkT)[1 — exp(qV/kT)] ~ (7)

where J is the total current, J, the saturation current,
g the electron charge, V' the applied voltage and n the
ideality factor. The saturation current, .J,, across the
potential barrier has the form

Jo = AT?exp(— g/kT) ®)

where A is the Richardson constant, and @p the
effective barrier that carriers must overcome to cross
the heterojunction.
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Figure 7 1-V characteristics of (a) In,S;/polypyrrole, and (b) In,S;/
polyaniline heterojunctions.

Fitting of the experimental data by Equation 7
using multidiménsional non-linear  regression
on a IBM/386 microcomputer, yielded the values
n={64+8) and J, = (13 + 2) Am~2 for the In,S,/
polypyrrole heterojunction and the values n = (15
+2) and J, =38+ 7)Am~2 for the In,S,/poly-
aniline heterojunction.

From Equation 8 the barrier height can be estim-
ated. Taking 4 = 1.2 x 10° Am~2K "2 and the values
of J, obtained from the I-V curve fitting, we get
¢p; =0.59¢eV for g, =056eV for the In,S;/
polypyrrole and the In,S;/polyaniline, respectively.
These are close to the values of @y ranging from
0.68-0.9 eV obtained for polypyrrole on n-Si/Pt and
a-Si: H, deduced from -V, C-V and internal photo-
emission [7]. »

The real barrier height must be higher than the
calculated values of ©,; and @,,, because the real
contact area is expected to be smaller than the geo-
metrical, because of the fibrillar, non-homogeneous
structure of the polymers. Moreover, the high values
of n obtained (usually between 1 and 4) indicate that
probably a thin interfacial insulating layer is present,
which decreases the effective barrier height and causes
the inverse current to fail to reach saturation [29].
Besides, A in Equation 8 was taken ecqual to the
Richardson constant, not corrected by the factor
m*/m, where m* is the conduction band mass of the
electrons in In,S; and m the free electron mass [8].

4. Conclusions
In this paper the stability regions of supersaturated
In,0,-H,S-H,0 solutions were defined and the
spontaneously formed solid precipitate was identified
as In,S;. This was found to be an n-type semi-
conductor, with an optical energy gap E, = (1.8
+ 0.1)eV, a thermal energy gap E, = (1.6 + 0.2)eV
and a thermopower coefficient S = — 100 uV K" at
T =300 K, as deduced from resistivity and thermo-
power measurements.

In,S,/polyaniline and In,S;/polypyrrole hetero-
junctions were fabricated and their I~} characteristics
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were analysed by the standard Schottky barrier
theory. The effective barrier height, saturation current
and ideality factor were determined as 0.56 eV
(38 + 7YAm~2, n= (15 4 2) for the In,S,/polyaniline
and 0.59eV, (13+2)Am~2, n=(64 +8) for the
In,S,/polypyrrole heterojunction.
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