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Abstract. This study is focused on the measurement of alternate current (a.c.) electrical conductivity of
BSb films, deposited on fluorine-doped tin oxide (FTO)—coated glass substrates at 673 K by the pulsed
laser deposition (PLD) technique. The frequency-dependent a.c. conductivity is measured as a function of
temperature (10-275K) and frequency (100 Hz-100 kHz). The transport processes governing the electrical
conduction processes in this material are analyzed critically. It is observed from FESEM micrograph that
the film is composed of small discrete grain with sizes varying in the range 6-12nm. It is interesting to
notice from In oac versus 1000/ T plot that there are three distinct zones: i) Semiconductor zone at high
temperature from 275 to 150 K, ii) Insulator zone at low temperature from 70 to 10 K and iii) an abrupt
change of the In o, versus 1000/ T plot at ~ 75 indicating MIS transition occurring in this BSb film. We
found that the activation energy for the BSb films in the lower-temperature range was quite low ~ 6 to
41 neV, while that in the higher-temperature range was 20 to 50 meV.

1 Introduction

The binary compound BSb has emerged as an important material in current device technology. A number of theoretical
works pertaining to band structure calculation [1,2] indicated its possible use in hot-carrier solar cells (HCSC) [3].
Cell structures associated with the HCSC require tuning of phononic band gap of this material. This material in
nanocrystalline form also forbids thermalization due to the localization of the density of states in the extended states.
This would permit the extraction of hot electrons while still in the extended states for their fruitful utilization in
energy conversion in tandem cells [4]. Despite the theoretical advancement in understanding the material properties
of this material, reports on successful synthesis of this material in thin-film form are not many due to some inherent
difficulties. The difficulties involved in the synthesis, as discussed in details in a previous publication [5], deterred
the progress of evolving a viable technique to synthesize the above material. Only recently, Das et al. [5] reported a
successful attempt to deposit BSb films with assured composition by the PLD technique. The above success has made
it more important to study the electron transport processes controlling the electron conduction behavior in these films
to accelerate their use in hot-carrier solar cells.

To the best of our knowledge, there are only two reports on the measurement of d.c. electrical conductivity of
BSb films [6,7]. Kumashiro et al. [6] reported the measurement of electrical and thermoelectric properties on B12Sbs
films synthesized by molecular flow region PVD method. The electrical conductivity of the films was measured by
a two-probe method at temperatures between room temperature and 600°C. The films displayed high mobility of
~ 100 cm?/V-s and high thermoelectric figures of merit of ~ 10~%/K. Recently, Dalui et al. [7] reported the variation
of d.c. electrical conductivity with temperature of BSb films (210-360 K) deposited by the co-evaporation method.
They observed that the electron transport process in their films was governed by Mott’s hopping although the values
of the exponent “p” which determines the nature of the transition, varied between 1.01 and 1.3.

In this report, we present a detailed study on the variation of a.c. conductivity (cac) measured as a function of
frequency (100Hz to 100kHz) in the temperature range from 10K to 275K. Possible electron transport processes
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Fig. 1. Schematic diagram of a full a.c. conductivity measurement set-up.

operative in this film that would describe the observed variation of electrical conductivity in the temperature range
from 10K to 275 K faithfully are described here. To the best of our knowledge, this would be the first kind of report
on a.c. conductivity measurement for the above material of device interest.

2 Experimental details

Boron antimonide films were deposited by using a conventional PLD configuration as described in ref. [5]. In short, a
Nd:YAG laser (wavelength (\) = 355 nm, duration of pulse ¢ = 10ns, pulse frequency = 10 Hz) was utilized to ablate
the target to deposit films onto glass substrates kept at an optimal substrate temperature of 673 K. A glass lens was
used to focus such that the laser beam falls on the target at an angle of 45° with respect to the normal. The laser
fluence was ~ 8 J/cm? measured at the entrance focusing lens. Thus the actual fluence at the target surface would be
less than the above. A detailed discussion on fluence in laser ablation technique related to tungsten and boron and their
composite was discussed by Moscicki [8]. As the melting point of boron is too high (~ 2000 °C) so required fluence was
too high [8]. The target was rotated at ~ 10rpm so that fast drilling could be avoided. The target and the substrate
distance were maintained at ~ 4.5cm. The base pressure of the chamber during deposition was ~ 5 x 1076 Torr. All
the films were deposited for 15 minutes using 9000 laser pulses. The films were deposited onto Fluorine-doped tin oxide
(FTO)-coated glass substrates. The film thickness was ~ 500 nm with an area of 10 mm x 10 mm. Surface topography
of the films was recorded by FESEM (Carl Zeiss AURIGA system). The films were quite uniform as has been depicted
by the detailed topography studies carried out by FESEM.

It is known that the critical factor in measuring electrical conductivity of the thin films is to make proper electrode
contacts to the films. Appropriate electrical contacts were obtained by depositing aluminium dots by thermal evap-
oration at a system pressure better than 1076 Torr on the BSb film using appropriate stainless-steel mask. Contacts
were obtained from the FTO film and top aluminiun dots for a.c. measurement. a.c. measurements were carried out
using a HIOKI-3532-50 impedance analyzer using a.c. voltage 3mV. Measurements were carried out using a number
of aluminium dots on the BSb film and it was found that the results were well within +1%. This also indicates the
uniformity of the BSb films deposited here. The sample was mounted on the cold finger of a closed-cycle helium
cryostat (fig. 1). The Cu wires were connected to the Al dot and FTO-coated glass with the help of silver paste.

3 Results and discussion
3.1 Microstructural studies

High magnification FESEM micrograph of BSb film, deposited on FTO-coated glass substrates at 673 K, is shown in
fig. 2. Top left-hand inset of this figure shows the corresponding histogram and the right-hand side inset shows the
FESEM picture of the same BSb film at lower magnification. It could be observed from fig. 2 that the film is composed
of small discrete grain with sizes varying in the range 6-12 nm. This value matched well with that (~ 10 nm) computed
from XRD measurements (not shown here) using Scherrer formula. The right-hand inset of fig. 2 indicates that the
films are quite uniform and compact.
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Fig. 2. High-Magnification FESEM picture of a representative film of BSb (top left inset shows the histogram and the right
inset shows the FESEM picture of the same BSb film at lower magnification).

3.2 Electrical measurement: a.c. conductivity

In disordered materials, the measurement of a.c. conductivity provides information on the electronic structure of the
material. Disorder in the atomic structure is associated with the creation of localized states. The oscillations induced
in the polarization charges due to the presence of time-varying electric field makes a.c. measurement a useful tool for
studying the electron transport processes in the hopping regime.

The variation of a.c. conductivity of the BSb films prepared as above was measured in the frequency range 100 Hz
to 100kHz (fig. 3(a)). Temperature during a.c. measurements was varied between 10K and 275 K. The variation of
the a.c. conductivity (oac) with frequency (w) is expressed as [9]

OAC = Aw5, (1)

where, w is the angular frequency, A is a constant and the exponent ¢ is a temperature-dependent quantity. The above
variation of conductivity with frequency has generally been ascribed to relaxation induced by motion of charge carriers
performing hopping between equilibrium sites [10-17]. Various ionically and electronically (polaronic) conductive
disordered materials generally exhibit specific features associated with the electron transport processes controlling the
transport processes in such materials through a log-log plot of the real part of the conductivity versus frequency. At low
frequencies, conductivity is frequency-independent and would reflect DC conductivity. With increasing frequencies, the
conductivity should start to increase in a power law fashion and are analyzed using Jonscher equation (eq. (1)).It may
be observed here that there are two distinct temperature domains of oac dependence with frequency: 175K to 275 K
(fig. 3(b)) and 10K to 150K (fig. 3(c)). Experimental conductive spectra (fig. 4(a)) exhibit a maximum (especially in
the higher temperature region) and tend to decrease at lower temperatures. The decrease in conductivity is a typical
semiconductor behaviour. The above features indicate that the exponent d should not only be temperature-independent
but also be frequency-dependent. Temperature independence of § has generally been predicted. § should be less than
unity in the audio frequency range. On the other hand, § may also be frequency-dependent. It should decrease as the
frequency is increased.
Usually, there are three effects that contribute to the a.c. conductivity:

i) the electrode effects are active at low frequency;
ii) the DC plateau is observed at intermediate frequencies;

iii) the defect processes at higher temperature [18,19].

It may be observed that the a.c. conductivity increased with frequency, reached a peak value before decreasing with
frequency. This variation is very prominent above 150 K (fig. 3(a)). The change in the slope in the conductivity spectrum
this region indicates hopping frequency (wp,) region. The peaks shift could be observed with frequency exhibited by
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Fig. 3. (a) Variation of oac with frequency measured at different temperatures (10-275K), (b) variation of oac with frequency
measured at different temperatures (175-275K), (¢) variation of oac with frequency measured at different temperatures (10—
150K) and (d) Variation of ocac with temperatures at four different frequencies of 10 Hz, 10° Hz, 10* Hz and 10° Hz (Inset
shows the variation of In(oac) with 1000/T for a representative BSb films).

a well-defined maximum. This reflects a characteristic relaxation rate that could be associated with the above shift
which would display asymmetric frequency dependence. This type of conductivity reflects its complex dependence
on angular frequency (w), dielectric loss (¢”) and permittivity of free space (g9). It is known that polarization lags
with a.c. field culminating in dielectric loss in a.c. conductivity measurement. Dielectric dispersion would occur due to
different kinds of polarizations in different frequency ranges and dependence of these quantities on conductivity would
decrease with frequency in the domain when the dielectric loss would decrease with frequency.

The conductivity became temperature-independent gradually with progressive increase in frequency. Figure 3(d)
shows the variation of the measured oac values with temperature in different frequency zones and the inset of fig. 3(d)
shows Inoac vs. 1000/ T plot of the measured oac values at different frequencies. It may be seen that oac is almost
temperature-independent from ~ 10K to ~ 75K (fig. 3(d)). MIS transition zone (~ 75K) is indicated in the inset of
fig. 3(d). Between 75K and 125K, a.c. conductivity decreased slightly with temperature indicating metallic behaviour
and beyond that temperature a.c. conductivity increased sharply with the increase of temperature indicating normal
semiconducting behaviour (fig. 3(d)). The electrical conduction in the material will be governed by a thermally ac-
tivated process. This type of variation of conductivity with frequency has been observed as a typical one for many
different materials [20-22]. In such a case, the application of a power law equation to the entire range of frequency
may become questionable and analysis of exponent § by simply using the power law as such might not be meaningful.
For such systems, concept of complex variation of the exponent (§) with temperature and frequency was introduced
in form of eq. (2) shown in the next paragraph.

Let us now examine the nature of 6 which may be computed from plots of In oac versus In(w) as shown in fig. 4(a).
It was observed that the dependence of the exponent § on the frequency is much more complex (fig. 4(b) and (c))
than what has been indicated above. The exponent (§) shows a very sharp increase from 0.2 to 0.6 with increase in
frequency up to ~ 10 Hz when measured in the temperature range from 150 K to 275K (fig. 4(b)). Above 10° Hz, §
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Fig. 4. (a) Plot of In(oac) with In(w) measured at different temperatures (10-275 K). Variation of 6 with frequency measured at:
(b) temperatures (150-275K) and (c) temperatures (10-125K), (d) variation of § with temperature measured at four different
frequencies.

started to decrease sharply with increasing frequency reaching negative values and tended to increase again showing
a minimum at a frequency ~ 2 x 10*Hz. At lower temperature of measurements (25K to 125K), the value of ¢ is
extremely small and nearly invariant up to a frequency ~ 10% Hz (fig. 4(c)). Above ~ 103 Hz, § started to decrease
sharply with increasing frequency reaching negative values and tended to increase again before showing a minimum
at a frequency ~ 10 Hz. The complex variation of the exponent (§) with temperature at four frequencies is shown in
fig. 4(d).
With such a complex variation of the exponent (J) over frequency and temperature range, the a.c. conductivity
may be expressed as
oac(w,T) =0, + YA, (2)

where o, is the d.c. conductivity and § corresponds to the exponent applicable to the respective hopping processes
describing the electron transport processes.

Funke [23] explained that the value of § might have a physical meaning when § < 1. In such a situation, the
hopping motion would involve a sudden hopping in translational motion. Localized hopping of the species with a
small hopping without leaving the neighborhood would be indicated by é > 1. Hopping frequency (wp) of the polarons
is the frequency at which the slope changes. It is temperature-dependent. The origin of the frequency-dependent
conductivity [24] would originate from the relaxation phenomenon arising due to mobile charge carriers. It was also
reported [25] that for small polaron hopping conduction, the value of § would increase with temperature. 6 was seen
to decrease with temperature for large polaron hopping conduction. Due to the limited scope, we refrained ourselves
to make further comments on the observed complex dependence of § with frequency and temperature (fig. 4(d)).

Temperature dependence of a.c. conductivity (oac) as shown in fig. 3(d) could be revisited separately for the
two distinct temperature zones of relevance as indicated in fig. 5. The above two distinct temperature zones: i) high-
temperature zone form 275 to 150K (fig. 5(a)) and ii) low-temperature zone from 75 to 10K (fig. 5(b)) have been
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Fig. 5. (a) Plot of In(oac) versus 1000/ T for the above film in the higher-temperature zone (150-275K). (b) Plot of In(oac)
versus 1000/T for the same film in the lower-temperature zone (10-75K).

shown in expanded form to facilitate the application of hopping conduction processes in this system. Under certain
conditions the Coulomb gap would exist in the low-energy electron excitation spectrum in the insulator state of a
disordered system as a result of the electron-electron interaction. Hopping in the Coulomb gap would become more
effective in describing the low-temperature electron transport properties. Collapsing of Coulomb gap as the critical
point for the transition is reached as indicated by Pollak [26] and Zabordskii et al. [27,28]. It may be observed that the
variation of electrical conductivity in the temperature range 75-10 K is very nearly identical for all the four frequencies
(fig. 5(b)). The activation energy for the BSb films in the lower-temperature range, as obtained from the In(o) vs.
1000/T plots (fig. 5(b)) was quite low (~ 6 to 41 neV) while that in the higher-temperature range was 20 to 50 meV
(fig. 5(a)). The values of activation energies so obtained are quite low signifying the fact that the electron transport
processes would be governed by tunneling in this disordered system. At relatively lower temperatures, thermally
activated hopping between localized states near the Fermi level describes the electron transport in these films. The
electrons would prefer to jump longer and longer distances in order to find states closer in energy in this variable
range hopping (VRH) regime in the low-temperature domain 10 K-100 K. The product of the density of states and
probability distribution function is known to indicate the number of occupied states per unit volume at a given energy
for a system in thermal equilibrium. This would mean that the transport will be governed by hopping within the
states in the Coulomb gap. The variable range hopping (VRH) process [29] would favour an electron to jump from
one localized state to another where there exists an overlap of the wave functions. The difference in the eigen energies
is compensated by the absorption or emission of phonons.

The value of the index d, particularly at lower temperature and higher frequency, may be explained on the basis
of the model of Elliot [30] according to which the a.c. conductance may be expressed as

6
7r2g§€05r{ 8e? ] Ww?

olw) = T2 1 (3)

cocr by

where g, is the density of localized states, €, is the free space permittivity, €, is the dielectric constant of the material,
T, is the effective relaxation time, e is the electronic charge and g is related to ¢ through the following equation:

5=1-(=1-(6kT/E,), (4)

where E is the optical band gap. It is customary to determine the values of § from eq. (4) by utilizing the band
gap values obtained from optical studies. With these § values and corresponding frequencies (w) satisfying eq. (2),
one generally evaluates the density of localized states (g,) from eq. (3) for the composite films using bulk values of
To, €, and €. But in these BSb films, dependence of § with frequency is quite complex and as such computing g, as
indicated above would be questionable. In this study, we computed the values of g, by utilizing § values obtained from
the experimental frequency-dependent oac values (as shown in fig. 4(b) and (c)) for frequency values of interest. The
go values computed as above are shown in fig. 6. It could be observed that g, values have a Gaussian nature with
frequency showing a peak near 103 Hz. The intensity of the peak is dependent on the temperature zone of measurement
(figs. 6(a)—(d)). All the high temperature zone g, values showed a peak value ~ 5x 102" m~2 (fig. 6(b)) with diminishing
intensity peaks while the low temperature zone g, values indicated a peak g, value at ~ 5 x 102°m=3 (fig. 6(d)). It
is interesting to note that g, values computed for the MIS transition region do not show any such peak (fig. 6(c)).
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Fig. 6. (a) Plot of g, values versus frequency measured at different temperatures (10-275K). (b) Plot of g, values versus
frequency measured in the high-temperature range (200275 K). (c¢) Plot of g, values versus frequency measured at temperatures
near the MIS transition region (100-175K). (d) Plot of g, values versus frequency measured in the low temperature range (10—
75K).

go values are very low and nearly invariant in the frequency range of 2 x 102 to 10° Hz. This would reflect Mott metallic
minimum. It is known that at E ~ A/2, the density of states would become equal to Mott’s density of states (go).
Considering parabolic variation of g(E) within Coulomb gap (A), and the increasing values of density of localized
states (g,) would correspond to higher values of Coulomb gap (A).The activation energies (E,) in the composite films
measured at sufficiently low temperature may be identified with the value of A. This is quite natural since in the a.c.
measurement (at higher frequency), conduction through localized states becomes most effective. It may be observed
that the activation energies measured from the high frequency data tally quite well with the values of the Coulomb gap
in all the films. This observation reconfirms the existence of a Coulomb gap in these composite nanocrystalline films.

4 Conclusions

a.c. conductivity measurements were carried out in the temperature range 10-275 K. It was observed that the depen-
dence of the exponent ¢ on the frequency is much more complex than those reported. The exponent (§) increased
sharply from 0.2 to 0.6 with increase in frequency up to ~ 103 Hz when measured in the temperature range from 150 K
to 275 K, after which § started to decrease sharply with increasing frequency reaching negative values and tended to
increase again showing a minimum at a frequency ~ 2 x 10* Hz. At lower temperature of measurements (25K to 125 K),
the value of § is extremely small and nearly invariant up to a frequency ~ 10% Hz after which & started to decrease
sharply with increasing frequency reaching negative values and tended to increase again before showing a minimum
at a frequency ~ 10%. Density of localized states (g,) was computed and reported here. Metal-insulator-semiconductor
transition occurring at ~ 75 K was observed in this system.
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