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The anisotropy effect on the current transport mechanism and on the dispersive optical parameters
of indium monosulfide crystals has been studied by means of electrical conductivity and polarized
reflectance measurements along the a-axis and the b-axis, respectively. The temperature-dependent
electrical conductivity analysis in the range 10-350 K for the a-axis and in the range 30-350 K for the b-
axis revealed the domination of the thermionic emission of charge carriers and the domination of variable
range hopping above and below 100 K, respectively. At high temperatures (T > 100 K) the conductivity
anisotropy, s, decreased sharply with decreasing temperature following the law s o exp(—Es/kT). The
anisotropy activation energy, E;, was found to be 330 and 17 meV above and below 220 K, respectively.
Below 100 K, the conductivity anisotropy is invariant with temperature. In that region, the calculated
hopping parameters are altered significantly by the conductivity anisotropy. The optical reflectivity
analysis in the wavelength range 250-650 nm revealed a clear anisotropy effect on the dispersive optical
parameters. In particular, the static refractive index, static dielectric constant, lattice dielectric constant,
dispersion energy and oscillator energy exhibited values of 2.89, 8.39, 19.7, 30.02 eV and 4.06 eV, and
values of 2.76, 7.64, 25.9, 22.26 eV and 3.35 eV for light polarized along the a-axis and the b-axis,

respectively.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Recently, In,S,-type semiconductors have attracted much
attention due to their wide applications in technology. For
example, In,S3 is reported to have several important applications
in dry cells [1], color televisions [2-4] and photovoltaic electric
generators [5,6]. Inp,S3 nanoparticle bio-conjugates are also
stated to have medical applications for cancer diagnosis [7].
Furthermore, indium sulfide is being used as buffering material
for Cu(In, Ga)Se,-based solar cells [8]. In addition, IngS; is also
reported to have good photovoltaic properties. The maximum
open-circuit voltage and short-circuit photocurrent density, which
are related to an illumination intensity equivalent to one sun,
are reported as 0.12 V and 0.38 mA cm~2, respectively, for this
crystal [9].

Previously, we have studied the carrier transport and the op-
toelectronic properties of InS single crystals [10,11]. In particu-
lar, the donor level energies, the carrier effective mass, the carrier
compensation ratio and the acoustic deformation potential for
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this crystal were estimated [10]. In addition, the optoelectronic
and electric properties, studied along the a-axis of the crystal,
have shown that the spectral distribution of photocurrent in the
photon energy range 0.8-3.1 eV reveals an indirect band gap of
1.91 eV [11]. The photocurrent-illumination intensity dependence
was reported to follow the law I, oc F”, with y being 1.0 and 0.5
at low and high illumination intensities, indicating the domination
of monomolecular and bimolecular recombination, respectively.
In the current study we will concentrate on the anisotropy
effects on the electrical and optical properties of InS single crystals.
In other words, we are going to report the anisotropy effect
on the dominant transport mechanism and on the dispersive
optical parameters along the a-axis and the b-axis of the crystal.
In particular, the donor states, the Mott variable range hopping
parameters and the static and lattice dielectric constants as well as
the oscillator energy, the dispersion energy and the static refractive
index along both axes will be calculated, compared and discussed.

2. Experimental details

Indium sulfide polycrystals were synthesized from high-purity
elements (at least 99.999%) taken in stoichiometric proportions.
Single crystals of InS were grown by the Bridgman method. The
analysis of X-ray diffraction data revealed that they crystallize
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in an orthorhombic unit cell with parameters a = 0.394, b =
0.444 and ¢ = 1.065 nm. Due to the fact that one of the three
In-S bonds extends into neighboring layers, InS crystals have no
distinct cleavage plane. Crystals suitable for measurements were
obtained by hard cleavage along (001) planes, perpendicular to
the c-axis. Typical dimensions of the van der Pauw samples were
3 x 3 x 1 mm>. Ohmic contacts for the electrical measurements
were made using high-purity indium. The temperature-dependent
dark electrical conductivity measurements were carried out in
the temperature range 10-350 K in an automated closed-cycle
Lakeshore cryogenic system.

3. Results and discussion

The dark electrical conductivity measurements were carried out
along the a-axis and the b-axis of the crystal in the temperature
ranges 10-350 K and 30-350 K, respectively. The data are
displayed in Fig. 1(a). As is clear from the figure and its inset, except
for a critical temperature of 270 K, the values of the electrical
conductivity along the a-axis and the b-axis exhibit different
numerical values at each temperature. The lower the temperature,
the larger the conductivity values difference. This behavior is
an indication of temperature-dependent crystal anisotropy. The
electrical anisotropy (s) defined by the relative conductivity ratio,
0}/ 0g, is illustrated in Fig. 1(b). As is evident from this figure, the
anisotropy of InS crystals at 350 K is 23.1; it decreases sharply
to 3.8 at 300 K and reaches 0.05 at 200 K. Below 200 K, the
conductivity ratio continues decreasing, but with a different trend
down to 100 K. Below this temperature the anisotropy tends to
remain constant with temperature. The conductivity anisotropy
was also observed in TISe [12,13] and InTe [ 14,15] crystals and was
attributed to: (i) the high concentration of stacking faults due to
weak interchain bonding [ 14]; here, the conductivity anisotropy is
proportional to the inverse square of the overlap energy associated
with the bonding between adjacent chains; and (ii) the high
anisotropy of the direction-dependent effective masses in the
crystal [15].

To reveal the anisotropy effect on the dominant transport
mechanisms in InS crystals, the conductivity-temperature de-
pendence was analyzed according to the thermionic emission of
charged carriers [16] in which the conductivity was represented
by the relation 0 = Lg?p+/1/Q2am*kT) exp(—E, /kT). Here L
is the grain size, q is the electronic charge, p is the carrier con-
centration, m* is the carrier effective mass and E, is the con-
ductivity activation energy. This equation can be rewritten as
o/T = o exp(—E, /kT), with op = Lg?p(2rm*K)~"/2. As shown
in Fig. 1(a), calculations of the conductivity activation energy along
the a-axis and the b-axis in the temperature ranges 10-350 K and
30-350 K revealed values of 164, 50 and 10 meV, and 500, 37
and 10 meV in the temperature ranges 220-350, 110-210 and
10-100 K, and 210-350, 110-200 and 30-100 K, respectively. The
origin of these energy states was previously discussed and assigned
to the impurity carriers being located at different energy levels be-
low the conduction band [10,11].

Since the conductivity in both directions satisfies the same
equation, the anisotropy in the conductivity can be represented by

s =2 = 01 exXp(—(Enp — Era)/KT) = 01 eXp(—E/KT). (1)
a
Here, o and E; are the pre-exponential factor and the anisotropy
activation energy, respectively. The values of E;, calculated from
the slope of the In(s)-T ! plot (Fig. 1(b)), are found to be ~330 meV
above 220 K and ~17 meV in the moderate-temperature region.
In the low-temperature regions (10-100 K for the a-axis and
30-100 K for the b-axis), the invariance of the conductivity
anisotropy and the very low value of the activation energy

Table 1
Anisotropic electrical and dispersive optical parameters in InS crystals.
Parameter a-axis b-axis
Electrical E, (meV)
T > 220K 164 500
110 < T < 210K 50 37
T < 100K 10 10
Ty (x 108 K) 3.85 2.83
y (cm™) 1.03 x 107 7.95 x 10*
N (Er) (cm~3 eV 5.91 x 10'° 3.70 x 1013
R (70 K) (cm) 5.59 x 1077 6.70 x 107>
W (70 K) (m eV) 23.15 21.43
¥R 5.75 5.33
Optical Eq (eV) 30.02 22.26
Eo (eV) 4,06 3.35
ng 2.89 2.76
& 8.39 7.64
&L 19.70 25.91

(~10 meV) reflect the possibility of the domination of another
transport mechanism in this region of temperatures.

The o-T data in the temperature ranges 10-100 K (for the
a-axis) and 30-100 K (for the b-axis) were best explained with
the Mott variable range hopping mechanism [17,18], in which the
expression for the conductivity at low temperatures is given by

o\ /4
o~T = oy exp (— (;) ) , (2)

where o, = ezaszhN (Er) (3)
ky3
kN (Ep)

and Ty =
Here, a is the hopping distance and vy, = 2.56 x 10" 571 is
the phonon frequency calculated from the Debye temperature of
the crystal. A is a dimensionless parameter (~18.1), N(Ef) is the
density of localized states near the Fermi level and y is the decay
constant. Two other parameters, R and W, the average hopping
distance and the average hopping energy, respectively, are also
given as

9 1/4
(i)
87y kTN (Ef)

W= ; (6)
47 R3N (EF)

The linear In(o+/T) — T~* plots are illustrated in the inset of
Fig. 1(b). Mott parameters have been calculated using Egs. (2)-(6)
and were found to satisfy Mott’s requirements (YR > 1and W >
kT, To > 10° K) for variable range hopping to dominate (Table 1).
Thus, in the low-temperature regions, thermally assisted variable
range hopping conduction is the most likely transport mechanism
inInS crystals. The atomic disorder degree in the crystal (defined as
To/T)is found to be 4.81 x 10 and 3.54 x 10* at 80 K for the a-axis
and the b-axis measurements, respectively. The data in the Table 1
reflect the effect of anisotropy on the variable range hopping
parameters. The calculated density of localized states exhibited
larger values for the conductivity being measured along the a-
axis than for that being measured along the b-axis. This difference
might be attributed to the deep potential barriers created at the
chain boundaries.

The change in the transport mechanism from thermionic
emission to variable range hopping may be have occurred due
to the existence of structural constraints upon electron transfer
between the In-In bonds. This bond lies in the (100) plane and
is inclined to the b-axis by 23.4° from the c-axis. That is, the

and
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Fig. 1. (a) The In(o ﬁ) — T~ variation for InS crystals. The inset represents an enlargement for the high-temperature region. (b) 6, /0, versus T~!. The inset reflects the

hopping conduction.
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Fig.2. (a)The optical reflectance for InS crystals as recorded by Takarabe et al. [20].
(b) The calculated refractive index as a function of wavelength.

In-In bonding direction is perpendicular to the a-axis. For this
reason, in contrast to the g-axis, the transfer from In-In bonding
to anti-bonding states has non-vanishing components of electric
field along the b-axis [19]. Such types of structure usually result in
a high degree of structural disorder which most probably increases
the density of localized states near the Fermi level, causing the
domination of the hopping mechanism.

Fig. 2(a) reflects the optical reflectance spectra measured by
Takarabe et al. [20]. The displayed data relate to a-axis and b-
axis polarization reflections in the incident photon energy range
2.0-5.0 eV. During their experiment, the light falls parallel to
the c-axis with polarization of light along the a-axis or the b-
axis. The authors of Ref. [20] have studied the optical absorption
coefficient («a) for both polarizations. Their study revealed a
stronger absorption for a-axis polarization than that for b-axis
polarization. They have also revealed that the lowest direct gap
of an InS crystal is allowed only for b-axis polarization and
is forbidden for a-axis polarization. Further, the authors have
analyzed the reflectance data to obtain an idea about the optical
activity. From the latter study they have stated that in the range
2.0-3.2 eV InS is optically active for b-axis polarization and in the
range higher than 3.2 eV it is optically active for a-axis polarization.
Such behavior was attributed to the In-In bond location in the
(100) plane inclined to the b-axis and perpendicular to the a-axis.

Following their work and using their data displayed in Fig. 9(b)
of Ref. [20] and in Fig. 2(a) in this article, we have estimated the
values of refractive index as a function of wavelength to carry out
a single-effective-oscillator parametric analysis on the crystal. The
refractive index displayed in Fig. 2(b) was estimated from a relation

in which the reflectance (R), the extinction coefficient (K) and
the refractive index (n) of crystalline solids at a certain constant
wavelength (1) are related through the two equations [21]

_ aA
(=1 +K?
T (n+ 12 +K2

Using these relations, the values of K and n were calculated from
the measured data of R and «. The data for the refractive index as
a function of incident wavelength are displayed in Fig. 2(b). As can
be seen from Fig. 2(b), the refractive index decreases sharply with
increasing wavelength (decreasing photon energy) from 388 nm
(3.20eV)down to 558 nm (2.22 eV) for a-axis polarization and from
261 nm (4.75 eV) down to 388 nm (3.20 eV) for b-axis polarization.
Below 388 nm the refractive index for b-axis polarization increases
with decreasing wavelength up to a critical wavelength value of
461nm (2.69 eV). Below this value it tends to remain constant, with
very slight increment, and at a wavelength of 520 nm (2.38 eV) it
decreases sharply in a trend similar to that of a-axis polarization
but with different numerical values.

In the transparent region (2.00 < E < 2.38 eV for b-axis po-
larization and 2.22 < E < 2.70 eV for a-axis polarization), the
data for the dispersive refractive index, n()), may be analyzed us-
ing the single-effective-oscillator model [22]. This model is widely
used for analyzing the refractive index of crystalline materials like
ZnSe, GaAs, CdTe and ZnTe [22]. The model suggests that the data
could be described by

(8)

2 _ EIEO
mE) =1+ (9)

E2 _ E2’
0

where E is the dispersion energy and E, is the oscillator energy.
Plotting (n®> — 1)~! as function of E? allows the determination of
the oscillator parameters, by fitting a linear function. The fitting
of the above reported function is illustrated in Fig. 3(a). The static
refractive index, n(0), is evaluated from Eq. (9), i.e., n*(0) = 1 +
E1/E,. In addition, the relation between the lattice dielectric con-
stant (&;) and the refractive index (n) is also given by [23]

n’ =g — AN?, (10)

where A is a constant which depends on the ratio of the carrier con-
centration to effective mass.

The values of E; and E,, calculated from the slope and the inter-
section of the straight line in Fig. 3(a), are found to be 30.02 and
4.06 eV for light polarization along the a-axis and 22.26 and 3.35
for light polarization along the b-axis, respectively. The values of
the static dielectric constant, &, = n?(0), and the static refractive
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Fig. 3. (a) The (n> — 1)~ '-E? variation for InS crystals. (b) The n>~A? variation.

index, n(0), are also calculated using Eq. (9) and found to be 8.39
and 2.89 for a-axis polarization and 7.64 and 2.76 for b-axis polar-
ization, respectively. The n>~A? plot shown in Fig. 3(b) is also linear,
verifying Eq. (10). The values of &, = 19.70 and 25.91 are also de-
termined from the intercepts of the slopes (shown by the solid lines
in Fig. 3(b)) of the n>-A2 plots. The disagreement between the val-
ues of the static and lattice dielectric constants may be attributed
to the free carrier contribution [23,24]. The data obtained from the
single-oscillator model are also displayed in Table 1.

4. Conclusions

In this work, anisotropy effects on the electrical and optical
properties of InS single crystals were investigated. Namely, the
electrical conductivity and polarized reflectance along the a-axis
and the b-axis of the crystal were analyzed. The electrical data
were interpreted using the thermionic emission and variable
range hopping of charged carrier theories. It is concluded
that the thermionic emission and the thermally assisted Mott
variable range hopping of charged carriers are the dominant

transport mechanisms at high and moderate temperatures, and
low temperatures, respectively. The data analysis allowed the
determination of the conductivity activation energies, the density
of localized states near the Fermi level, the average hopping
energies and the average hopping distances in addition to the
disorder degrees in the crystals. The optical data analysis has
reflected a significant anisotropy effect on the dispersive optical
parameters. All the dispersive optical parameters are observed to
be strongly affected by the crystal anisotropy.
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