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plantation on the thermoelectric
properties and electronic structures of CoSb3 thin
films
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In the present study, thin films of single-phase CoSb3 were deposited onto Si(100) substrates via pulsed laser

deposition (PLD) method using a polycrystalline target of CoSb3. These films were implanted by 120 keV Fe-

ions with three different fluences: 1� 1015, 2.5� 1015 and 5� 1015 ions per cm2. All films were characterised

by X-ray diffraction (XRD), Raman spectroscopy, atomic force microscopy (AFM), Rutherford backscattering

(RBS) spectrometry and X-ray absorption spectroscopy (XAS). XRD data revealed that the ion implantation

decreased the crystalline nature of these films, which are recovered after the rapid thermal annealing

process. The Seebeck coefficient S vary with the fluences in the temperature range of 300 K to 420 K,

and is found to be highest (i.e., 254 mV K�1) at 420 K for the film implanted with 1 � 1015 ions per cm2.

The high S and low resistivity lead to the highest power factor for the film implanted with 1 � 1015 ions

per cm2 (i.e., 700 mW m�1 K�2) at 420 K. The changing of the sign of S from negative for the pristine film

to positive for the Fe-implanted samples confirm that the Fe ions are electrically active and act as

electron acceptors by replacing the Co atoms. XAS measurements confirm that the Fe ions occupied the

Co site in the cubic frame of the skutterudite and exist in the 3+ oxidation state in this structure.
1. Introduction

Skutterudites have gained considerable attention in the eld of
thermoelectrics because of their open structure and their
applications, such as in the harvesting of waste heat generated
in industries and thermoelectric refrigeration.1 An efficient
thermoelectric material must have low electrical resistivity (r),
low thermal conductivity (k) and a high Seebeck coefficient (S)
related by a dimensionless quantity known as the gure of
merit, zT ¼ S2T/rk, where k is the lattice thermal conductivity
that is the sum of kel (heat conducted by carriers) and klat (from
the lattice).2 The enhancement in zT can be done either by
increasing the power factor S2/r or by decreasing k. CoSb3 is
a low band gap skutterudite compound semiconductor with
high S and high carrier mobility.3 It has a cubic structure with
the formula of MX3, where M is a metal ion, such as Co, Rh, and
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Ir, and X is any metalloid (such as As and Sb). Of the eight sub-
cubes in a cubic unit cell, two cubes are voids that can accom-
modate guest atoms and rattle inside.2 Among different skut-
terudites, CoSb3 shows the best thermoelectric properties as it
owns excellent electronic properties,1,4,5 although its use in
practical applications is limited due to its high lattice thermal
conductivity.6 However, k can be decreased by lling the voids
with rattler atoms,7 by nanostructuring8,9 or by ion implanta-
tion.10 Ion implantation is one of the novel ways for modifying
the electronic and thermoelectric properties of materials.11,12

During ion implantation, doping can be done in a controlled
way that enhances the electrical conductivity by increasing the
carrier concentration. Simultaneously, it can affect the lattice
thermal conductivity by creating lattice defects and disorders.
By ion implantation, the void can be lled or occupy the Co or
Sb sites that act as electron donors or acceptors, leading to p-
and n-type semiconductors.11,12 These dopants can also act as
phonon scattering centres and help in reducing the lattice
thermal conductivity. Ion implantations by Fe,13–15 Ni16 or light
ions (such as B or C ions) are expected to occupy the Co or Sb
sites, whereas metals such as Th, Ur, La,6,7 Eu17 or Ce18,19 ions
are expected to occupy voids and rattle inside. Such rattling is
expected to dramatically reduce the lattice thermal conductivity.
Nolas et al.20 studied the thermoelectric properties on bulk Yb-
lled skutterudite and found zT to be close to 1 at 600 K for
Yb0.19Co4Sb12. Wang et al.21 reported a high zT of 1.5 at 850 K for
RSC Adv., 2019, 9, 36113–36122 | 36113
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Yb0.3Co4Sb12, which is the highest lled value for single lled
Co4Sb12. Shi et al.22 investigated multi-lled skutterudite bulk
materials and was able to achieve a high zT of 1.7 at 850 K.
Doping with Fe creates three holes per defect, which reduces the
thermal conductivity and also changes the electronic properties
of CoSb3.23 Katsuyama et al. found that the presence of a second
phase in the Co–Fe–Sb ternary system enhanced the gure of
merit by suppressing the electrical resistivity and thermal
conductivity.24 Kim et al. showed that Co0.7Fe0.3Sb3 samples
have a thermal conductivity value at around 0.03 W m�1 K�1

and S value of 114 mV K�1 at 700 K.25 For the skutterudites to be
used in device applications, it is necessary to nd such prom-
ising “bulk” properties in the thin lms of skutterudite. Sav-
chuk et al.26 studied the structural and transport properties of
the n-type polycrystalline CoSb3 thin lms grown on oxidised
Si(100) and on Al2O3 substrates by dc magnetron sputtering and
obtained a S value of �250 mV K�1 at�550 K for both substrates
and a thermal conductivity of 3 W (mK)�1 at room temperature.
Daniel et al.27 studied the thermoelectrical properties of CoSb3
thin lms deposited by molecular beam deposition at different
substrate temperatures, and showed that the lms exhibited
bipolar conduction behaviour indicated by a positive Hall
constant and a negative S. Kumar et al.28 studied the thermo-
electric properties of In and Yb-doped polycrystalline thin lms
prepared by PLD and obtained the highest power factor of
0.68 W (mK)�1 at �700 K. In yet another study,29 they reported
on the lattice dynamics and thermoelectric properties of the
above compounds on different substrates at an elevated
temperature, and found that the In and Yb dopants occupy the
cage sites in the skutterudite lattice. Suchitra et al.30 studied the
incorporation of MoS2 nanosheets in a CoSb3 matrix and re-
ported a zT of 0.53 at 600 K for the CoSb3/MoS2 nanocomposite
containing 3 wt% of MoS2, which is 4 times higher than that for
the pristine sample. Recent studies by Bala et al.11 found an
enhancement in the thermoelectric power due to Ni ion
implantation. However, there is no literature found on the
studies of doping of Fe on CoSb3 by the ion implantation
method. Among the thin lm deposition techniques that have
been carried out for the deposition of pure phase CoSb3 are the
solvothermal,31 RF sputtering,32,33 pulsed laser deposition
(PLD)34–37 and DC sputtering.26 Of these techniques, PLD has
proven to be one of the well-suited methods for the deposition
of CoSb3 lms with proper stoichiometry.

The present study focuses on the morphological, structural,
electrical and thermoelectric properties of the Fe ion-implanted
CoSb3 thin lms deposited by PLD. Further, X-ray absorption
spectroscopy has been used to understand the local electronic
structures of these Fe-implanted CoSb3 samples.

2. Experimental details

The bulk CoSb3 target was prepared by the solid-state reaction
method. High purity Co and Sb powders (Alfa-Aesar, 99.98%)
were mixed in a stoichiometric ratio to make a 1 inch target.
The mixed powders were sealed in an evacuated quartz tube
(<10�4 torr) and placed in a programmable furnace. The
temperature was increased to 1323 K in 6 h, and then held for
36114 | RSC Adv., 2019, 9, 36113–36122
24 h. It was then allowed to cool to 923 K in 48 h. It was held at
the same temperature for 72 h, and then allowed to cool
naturally to room temperature. The polycrystalline material
was ground for 3 h and then pelletised with a 1 inch diameter
pellet. It was annealed several times under an Ar gas envi-
ronment. The target was brittle and had a dark grey metallic
lustre. The structure and composition of the target was
determined by powder X-ray diffraction (XRD). The lms were
deposited onto Si(100) substrates using the PLD system from
M/S Excel Instruments, Mumbai. The PLD growth chamber
was evacuated to a base pressure of 1.5 � 10�7 torr. The
deposition was done in the presence of Ar gas with a working
pressure of 1.3 � 10�2 mbar. The presence of Ar gas during
deposition is expected to provide a better thermalisation of
the species in the ablation plume.17 During the deposition, the
target was continuously rotated for the uniform ablation of the
target surface to obtain uniformity in the deposited lms. The
target-to-substrate distance was kept xed at 6 cm. The
substrates were maintained at a temperature of 523 K during
deposition. The substrates were held onto the substrate
holder by Ag paste. Reports suggested that the use of Ag paste
in sticking the substrates helps in reducing the isotropic
compressive stress that causes blistering of the CoSb3 lms.37

The cumulative effects of the large target-substrate distance,
the presence of Ar gas, and the use of Ag paste ensured that all
the grown lms were free of blistering. A KrF excimer laser
(248 nm) (Coherent Inc.) with a pulse duration of 20 ns and
xed repetition rate of 10 Hz was used for ablation. A laser
uence of 184 mJ per pulse (corresponding to an energy
density of 4.6 J cm�2) was used. Aer optimisation, the
number of shots was xed to 7272 (250 nm). It should be noted
that the above-mentioned thickness is only the nominal
thickness using surface prolometry. The deposited lms
were then implanted with 120 keV Fe ions using the Negative
Ion Implanter facility of IUAC New Delhi with three different
uences: 1 � 1015, 2.5 � 1015 and 5 � 1015 ions per cm2. The
implantation was carried out at room temperature with the
vacuum maintained at 10�6 torr. All lms were then annealed
using the rapid thermal annealing (RTA) technique. The RTA
was done for 2 min at 873 K under Ar gas. For convenience
hereaer, the pristine lm will be referred to as P; the rapid
annealed lm as PA; the lms 1 � 1015, 2.5 � 1015 and 5 �
1015 as I1E15, I2.5E15 and I5E15, respectively; and the implanted
(but rapid-annealed) samples as I1E15A, I2.5E15A and I5E15A.
The structural characterizations were performed using
grazing incidence X-ray diffraction (GIXRD) at 1� with the
Philips X'pert PRO (Model PW 3040) diffractometer. The micro
Raman measurements were conducted using a Micro Raman
spectroscopy system (m-RS, Renishaw, UK). The reectance
was examined by a UV-vis NIR spectrophotometer (Shimadzu-
3101PC, Japan) using unpolarized light. Rutherford back-
scattering (RBS) spectrometry was performed using the 1.7 MV
tandem accelerator facility with 2 MeV He+ ions at a scattering
angle of 165� at IUAC, New Delhi for compositional and depth
prole studies. The data were analysed using the Rutherford
Universal Simulation Program (RUMP). AFM was employed to
study the surface morphology using the MultiMode®
This journal is © The Royal Society of Chemistry 2019
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scanning probe microscope (Bruker) in tapping mode. The
electrical resistivity (r) and the Seebeck coefficient (S) were
measured by the four-probe method and the bridge method,38

respectively, in the temperature range from 300 K to 400 K.
The so X-ray absorption spectroscopy (XAS) measurements at
the Co L- and Fe L-edges were performed at the BL20A1 HSGM
beamline, Sb L3-edge was performed at the 16A1 Tender X-ray
absorption beamline, and the Fe K edge was performed at the
17C1 beamline of the National Synchrotron Radiation
Research Centre (NSRRC) in Taiwan. The spectra at the Fe and
Co L2,3-edges were recorded in the total electron yield (TEY)
mode, while the Sb L3- and Fe K-edges were recorded in the
total uorescent yield (TFY) mode with a photon energy
resolution of 0.3 eV.
3. Results and discussion

The structure and phase of the PLD-deposited lms were
determined by GIXRD. Fig. 1 shows the GIXRD pattern of P,
PA, I1E15, I1E15A, I2.5E15, I2.5E15A, I5E15, and I5E15A. The pristine
as-deposited lms were polycrystalline and single phase in
nature, and the indexing of the peaks were done based on the
simple cubic structure of CoSb3 (JCPDS 19-0336). Due to ion
implantation, the lms became amorphized and regained
their crystallinity aer the RTA process under Ar atmosphere.
In order to obtain electrically active doped regions, the
implanted material needs to be annealed to restore the crystal
lattice and relocate the implanted atoms onto substitutional
sites where they can become electrically active. During the
regrowth of the amorphous layers in CoSb3, the implanted
dopant can take up substitutional lattice positions or accom-
modate in void spaces depending on the dopant concentration
and size of the dopant atom. Due to the high Sn (nuclear
Fig. 1 XRD pattern of the CoSb3 thin films: P, PA, I1E15, I1E15A, I2.5E15,
I2.5E15A, I5E15, and I5E15A. Note that after RTA, recrystallization is evident.

This journal is © The Royal Society of Chemistry 2019
energy loss, 106 eV nm�1) during implantation, extended
damages lead to the creation of vacancies through nuclear
collisions. The vacancies created as calculated by the TRIM39

(transport of ions in matter) soware are 2213.8 per Fe ion.
The projected range is 60 nm with a straggling of 30 nm. Based
on this, it was found that a �90 nm thick layer is amorphized.
The remaining crystalline layer enables the recrystallisation of
lms aer the RTA process. There were no traces of secondary
phases of Co or Sb ions within the detection limit of the
samples (JCPDS 03-0717). This FeSb2 impurity has been re-
ported earlier at higher doping concentrations.24 Fig. 2 shows
the Rietveld rened pattern of the pristine sample. All samples
crystallized in the body centred cubic space group Im�3 (#204).
As obtained aer renement, the unit cell volume was 73.87
nm3. The Co metal ions are located at the 8c sites (1/4, 1/4, 1/
4), while the pnictogen atom Sb occupied the 24g sites (0, y, z).
All the diffraction peaks match well with the reference struc-
ture, indicating the phase purity of the pristine sample. Aer
renement, the lattice parameter is 9.04 �A for the pristine
sample. This value is in close agreement with the reported
value of 9.0385 �A (JCPDS 19-0336).

Christensen et al.40 also reported a decrease in the lattice
parameter aer Fe doping. However, they did not observe
a clear trend in the lattice parameter values. The lattice
parameter and atomic coordinates obtained from these
renements were used as inputs in the Vesta41 program to
visualise the crystal structure of the pristine sample. Fig. 2
shows the crystal structure of CoSb3. In this structure, the blue
dashed lines show the CoSb6 octahedron and the region by the
green dashed lines forms the void. The bonding between the
atoms is mainly covalent in nature. The distance between the
two metal atoms (Co–Co) is large so these ions do not create
Fig. 2 Rietveld refined pattern of the pristine sample. The inset (right
side) shows the Tauc plot of the pristine CoSb3 sample. The structure
with blue dashed lines forms the CoSb6 octahedron and the one with
green dashed lines depicts the void. The brown-coloured atoms
represent Sb, the blue ones are Co and the grey-coloured atom shows
the guest atom.

RSC Adv., 2019, 9, 36113–36122 | 36115
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a bonding; hence, the bonding occurs between Sb–Sb (pnic-
togen atoms), creating the Sb4 rings and pnictogen and metal
atom bonding (Co–Sb). The bond lengths, as obtained from
the Rietveld renement data, are Co–Sb (2.531�A), Sb–Sb short
pair (2.855 �A) and Sb–Sb long pair (3.43 �A). It is comparable
with the values given in the literature for unlled CoSb3.42

CoSb3, a narrow band-gap semiconductor, has an energy gap
that lies in the far-infrared region. However, the optical char-
acterization in the present work is limited to the UV-visible
region. The optical properties of the CoSb3 thin lm was
analysed by UV-visible reectance spectra. The band gap was
estimated using the Kubelka–Munk (KM) equation and it was
found to be 0.73 eV.32 Anno et al. have reported a band gap
energy of 0.9 eV.32 However, it was found that the optical band
gap varied from 0.5 to 0.9 eV.33

The Raman spectra of P, PA, I1E15A, I2.5E15A and I5E15A thin
lms measured at 300 K are shown in Fig. 3. The as-deposited P
lm did not show any characteristic Raman modes of CoSb3.
However, aer RTA, ve out of eight Raman active modes are
observed in all implanted and annealed samples. All these
modes were assigned on the basis of group theory and the
CoSb3 crystallite reported by Nolas et al.20 These peaks show
a small shi when compared with that reported in the literature
(Table 1).19

The Raman active modes in the CoSb3 structure did not
include any motion of the Co metal sub-lattice atoms; rather,
these show the relative motion of the Sb atom with respect to
each other so that the centre of mass of Sb in the unit cell does
not change. The matching of the phonon frequency of all the
implanted lms with the literature further conrms the forma-
tion of the skutterudite structure. This implies that the Fe ions
are implanted at the Co sites and not in the Sb sites. There is
a small broadening observed in all implanted samples. The
broadening of the peaks may be due to phonon–phonon inter-
actions. Another possible mechanism for such broadening is the
disorder caused by the random placement of Fe ions during ion
implantation.
Fig. 3 Raman spectra of the CoSb3 thin films: P, PA, I1E15A, I2.5E15A, and
I5E15A. At the highest ion fluence, broadening is observed.

36116 | RSC Adv., 2019, 9, 36113–36122
If some of the Fe ions are trapped in the voids created by the
Sb atoms, they might rattle inside these voids. This rattling of
the Fe ions gives rise to the uctuating bonding of the Sb
bonds that makes the boundary of the voids. This might lead
to a slight broadening of the vibrational energies of the Sb
rings.43 The spectral assignment has been done by comparing
the vibrational energies from the literature.43 The Eg peaks at
135 cm�1 (theoretically predicted at 139 cm�1) and 184 cm�1

depict the elongation of all sides of one rectangle, while
shortening of all sides of another one.43 The Fg peak at
151 cm�1 (predicted at 157 cm�1) depicts the rotation of the
rectangle about an axis parallel to one side. The Fg weak peak
at 176 cm�1, which is theoretically predicted at 178 cm�1,
depicts the out of plane shear motion of two atoms of a rect-
angle along a diagonal. All peaks are in good agreement with
the theoretical calculations.44

Fig. 4 shows the 2D and 3D AFM images of P, I1E15A,
I2.5E15A, and I5E15A lms. The suitable parameter used to
characterise the surface morphology of the thin lm is the root
mean square (RMS) roughness. From the AFM micrograph,
a change in the surface morphology by varying the Fe ion
uence is evident. The RMS surface roughness of P was
1.68 nm, which increased with ion uences and reached up to
3.70 nm for I2.5E15A. This increase in the ion uencies is due to
the defects and disorders created by the ion beam during
implantation. For I5E15A, the roughness decreased to 1.78 nm.
It might be because the disorders or defects were annealed out
due to local annealing at higher uence during implantation.
The grains of P were found to be uniform with an average grain
size of 72.40 nm, and it increased to 95.56 nm for I1E15A. For
the I2.5E15A and I5E15A samples, the grains were found to be
agglomerated.

The RBS was performed to conrm the thickness and
composition of the P, I1E15A, I2.5E15A, and I5E15A lms. Fig. 5
(inset) shows the distribution of the Fe ions in the CoSb3 thin
lm. The SRIM45 (Stopping and Range of Ions in Matter) so-
ware was used to calculate the depth distribution of the Fe ions
in the CoSb3 thin lm. From the gure, it is observed that the
depth of the Fe ion is 60 nm with straggling of 30 nm. Fig. 5
gives the comparison of the P, I1E15A, I2.5E15A, and I5E15A lms.
It shows that the thickness of the lm decreases with an
increase in the Fe ion uence. As calculated by TRIM, the
sputtering is 1.45 atoms of Co and 5.67 atoms of Sb for each
implanted Fe ion. Hence, a few nm of the lm layer was sput-
tered out, leading to the decrease in the lm thickness. The
thickness further decreased with the increase in the ion u-
ences. Fig. 6 shows the simulated RBS spectra and depth
proles of the P and I2.5E15A lms. It shows that the thickness of
the P lm was �250 nm with the composition of Co1.2Sb2.8.

Fig. 7(a) gives the variation of resistivity with temperature for
the P, I1E15A, I2.5E15A, and I5E15A lms from 100 K to 420 K. The
resistivity of all the thin lms decreases with the increase in
temperature, depicting a typical semiconducting behaviour.
However, the resistivity of P (�100 mU m) at 100 K is quite high
compared to that of the bulk sample48 (�8 mU m) at the same
temperature. The approximate grain size of the lms was �70–
80 nm compared to that of the bulk CoSb3 sample (1–10 mm).
This journal is © The Royal Society of Chemistry 2019
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Table 1 Peak positions of Raman active modes of the CoSb3 films from the present work are compared with theory.19

Present work �y (cm�1) CoSb3 crystallite �y (cm
�1) CoSb3 theory �y (cm

�1) Modes assigned

108.9 110 97 (Fg)
135 135 139 (Eg)
151 152 150 (Fg)
178 179 179 (Fg)
184 187 182 (Eg)

Fig. 4 2D and 3D AFM images of (a) P, (b) I1E15A, (c) I2.5E15A, (d) I5E15A
films.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
N

ov
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 3

/2
9/

20
26

 3
:4

1:
14

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Due to the presence of grain boundaries, the scattering effects
are enhanced. The high concentration of structural and surface
defects also provides a potential barrier for the electrons and
increase the resistivity. The resistivity of all implanted lms is
low compared to that of the pristine lm. The resistivity of
I1E15A decreases �5 times when compared to that of P at low
temperature (100 K). It may be due to an increase in the carrier
concentration (holes) due to Fe ion implantation. Yang et al.23

reported that the hole concentration in the Fe-doped sample is
entirely due to the number of vacancies created by the Fe ion on
the Co site in the skutterudite. The TRIM calculation shows the
Fig. 5 Comparison of the RBS spectra of P, I1E15A, I2.5E15A, and I5E15A
films. The inset shows the depth distribution of the implanted Fe ions in
the CoSb3 thin films.

This journal is © The Royal Society of Chemistry 2019
creation of a large number of vacancies (2213.8 per Fe ion),
which lead to the increase in the hole concentrations. This
greatly assisted in decreasing the electrical resistivity of the Fe-
implanted samples. The decrease in resistivity from P to
implanted I1E15A can also be explained on the basis of the grain
boundary scattering mechanism. From the AFM data, it is
observed that the grain size of P increases from 72.4 nm to
95.5 nm for I1E15A. It is generally considered that the samples
having a larger grain size must have low electrical resistivity due
to the grain boundary scattering mechanism. The resistivity for
I5E15A is found to be higher than that for the I1E15A-implanted
samples. It may be due to the enhancement of carrier scat-
tering at the grain boundaries because of the presence of the
FeSb2 grains. During ion implantation, as the Fe ion uence
increases, the number of vacancies created on the Co site (and
hence, the hole concentrations) also increases. Simultaneously,
the surface and interstitial defects also increase. These defects
and dislocations lead to the decreased mobility of the charge
carrier across these defects, which in fact increases in the
electrical resistivity at higher uence. Fig. 7(b) shows the vari-
ation of S with temperature for P, I1E15A, I2.5E15A, and I5E15A
samples from 300 K to 420 K. The S of the P sample is negative,
indicating n-type conduction. However, for the Fe-implanted
system, S is positive and shows a p-type conduction behav-
iour. It has been reported that intrinsic CoSb3 shows n-type and
p-type behaviour, depending on the stoichiometry. If pure
CoSb3 is synthesised under Co-rich conditions, its behaviour
will be n-type as it creates an excess of electrons in the
Fig. 6 Simulated RBS spectra and depth profiles extracted from the
RBS analysis of P and I2.5E15A.
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Fig. 7 (a) Resistivity of P, I1E15A, I2.5E15A, and I5E15A. (b) Seebeck coefficient of P, I1E15A, I2.5E15A, and I5E15A.
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conduction band. If it is synthesised in a Sb-rich environment,
it is p-type as this signies limited Co atoms and leads to the
formation of holes in the valence band. In the present study,
due to the annealing of lms at an elevated temperature of 873
K, some Sb ions are volatilized out, leading to n-type behaviour.
For the Fe-implanted samples, Fe (4s23d6) possesses one elec-
tron less than Co (4s23d7), so it acts as an acceptor when it
occupies the Co site; hence, the Fe-implanted CoSb3 displays p-
type conduction behaviour. The electrical properties depend on
whether the Fe ion assumes the Fe2+ (3d6) or Fe3+ (3d5) state.
The P lm gives a S value of �120 mV K�1 at room temperature,
which increases up to �157 mV K�1 at 420 K. For the Fe-
implanted sample, the S decreases with increasing Fe uence.
The dependency of S on the carrier concentration (n) is given by
the relation:

S ¼ 8p2KB
2

3eh2
mT

�p
3n

�2
3 (1)

Thus, S depends on the carrier concentration and decreases
with increasing ion uence. The S values for I1E15A, I2.5E15A, and
I5E15A at 420 K are 245, 200 and 158 mV K�1, respectively. This is
consistent with the results from Yang et al.23 that reported
a drop in S with the increase in Fe doping. The decrease in S
with increasing uence may be also due to the generation of
a large number of defects created during the implantation
process. As the Fe ions enter the material, they create defects in
the system. The defects can be present in the form of the
implanted ions themselves or the creation of either interstitial
or vacancy pairs. These interstitial or vacancy pairs arise due to
knock-on collisions, either by the incident ion known as
a primary collision or by other knocked-on atoms called
a secondary collision. This collision cascade results in a highly
disordered region including the defects, and these defects
increase with increasing ion uence. Table 2 compares the S
and r of the present experimental results with that reported in
36118 | RSC Adv., 2019, 9, 36113–36122
the literature. From the table, it is evident that the S of the Fe
ion-implanted sample is around three times higher than that of
the Fe-doped bulk sample. Yang et al.23 also reported that the
heat conduction is reduced due to the creation of vacancies on
the Co site due to Fe doping. Thus, there is a possibility of
dramatically suppressing the lattice thermal conductivity with
Fe ion implantation by increasing the lattice defects, mainly by
the creation of vacancies on the Co site of the skutterudite
structure. Fig. 8 shows the power factor (P.F. ¼ S2/r) versus
temperature from 300 K to 420 K. The P.F. for the Fe ion-
implanted samples are found to be greater than that for the
pristine sample. A highest value of P.F. ¼ 700 mW m�1 K�2 is
obtained at 420 K for the I1E15A sample. The large increase in
P.F. can be attributed to the increase in the carrier concentra-
tion, high S and low r of the Fe ion-implanted samples.

For an in-depth understanding of the structural and elec-
trical properties of the Fe ion-implanted CoSb3, one needs to
investigate their electronic structures. Fig. 9 shows the Co L3-
edge spectra of the Fe-implanted CoSb3 thin lms. These
spectra show the splitting of the Co 2p core–hole spin orbit into
the L3 (�779 eV) and L2 (795 eV) edges due to an electron
transition from their initial state of 2p3/2 and 2p1/2 to the
unoccupied 3d states hybridized with the Sb 5p orbital.49 The
peak positions of the L3-edges for P, I1E15A, I2.5E15A, and I5E15A
are almost the same within the resolution of this measurement
except for I2.5E15A. There is a small shi in the binding energy of
I2.5E15A, which shows that the chemical state of the Co ion is
different compared to that of P. There is no distinct shoulder
peak at 777 eV corresponding to the presence of Co2+ impuri-
ties50 (as in CoO). Further, these spectra show a close resem-
blance to the Co3+ (low spin) EuCoO3 spectra,50 indicating that
one can safely rule out the presence of 2+ valence state. This
implies that the Co ion in the CoSb6 octahedron is in the 3+
valence state.51 The line shape of the spectrum strongly depends
on the multiplet structure formed by the Co 3d–3d and 2p–3d
Coulomb and exchange interactions, and also by the local
This journal is © The Royal Society of Chemistry 2019
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Table 2 Room temperature Seebeck coefficient and resistivity of the present study compared with that from literature (ref. 23, 46 and 47)

Sample Seebeck coefficient (mV K�1) Resistivity (mU m)

Bulk Undoped single crystala 220 18.94
Pristine CoSb3

b 90 7
Fe doped (0.5% Fe)b 60 4

Thin lm Pristine CoSb3
c ��6 3.2

Pristine CoSb3
d �120 50

Fe doped (this work)d 187 3

a From ref. 46. b From ref. 23. c From ref. 47. d Data from this work.

Fig. 8 Power factor of P, I1E15A, I2.5E15A, and I5E15A.
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crystal eld and hybridization of the Co metal atom with the Sb
5p ligands.11 Due to similar electronegativity between Fe (1.83),
Co (1.88) and Sb (2.05), there are four possibilities for the Fe
ions to be incorporated into the CoSb3 structure aer ion
implantation: (i) taking the Sb12 icosahedron voids to form Fe-
lled CoSb3, (ii) occupying the Co site in the irregular Sb6
octahedron to form FexCo1�xSb3, (iii) occupying the Sb site in
the Sb2Co2 tetrahedron to form CoFexSb3�x or simultaneously
occupying the Sb12 icosahedron voids and (iv) substituting the
Co site in the irregular Sb6 octahedron. From the gure, the
decrease in the intensity of the Co L3-edge is observed for the
Fig. 9 Co L-edge XANES spectra of the Fe-implanted CoSb3 thin films.

This journal is © The Royal Society of Chemistry 2019
implanted lms as compared to the pristine sample. This
decrease in the intensity in the implanted samples indicates
that the Fe ions are lled in the Co site. Hence, it is concluded
that the Fe ions occupy the Co site in the CoSb6 octahedra. The
spectral shapes are almost similar for all the implanted
samples, but the width of the white line decreases on the lower
energy side of the L3-edge of I2.5E15A. Analysing the full width at
half maximum (FWHM) of the spectra, it is observed that the P
sample has a FWHM value of 2.87 eV. The FWHM of I1E15A is
3.08 eV and then drops to 2.96 eV, maintaining the same value
at higher uences. Aer ion implantation, the increase in the
FWHM also implies the Fe occupancy of the Co site and the
local distortion. Fig. 10 shows the Sb L3-edge of the CoSb3 thin
lms. The Sb L3-edge arises from the transition from the core
2p3/2 states to the unoccupied 4d and 5s states. The pre-peak
marked as S1 in the gure at 4136.62 eV is attributed to the
2p3/2-to-5s transition. The main absorption peak marked as S2
at higher energy, 4145.91 eV, is attributed to the 2p3/2-to-5d
transitions.52 A weak shoulder observed in the Sb powder is
absent in the pristine sample and implanted thin lms. There is
an increase in the intensity of the spectral feature of S2 with Fe
ion implantation. Consequently, the Fe implantation in the
CoSb3 host matrix changes the charge carrier concentration
apart from inducing the structural disorder. In the X-ray
Absorption Near Edge Structure (XANES) spectra, the absorp-
tion features primarily depend on the unoccupied states in the
conduction band. Analysis of the spectral features at 4136.62 eV
and 4145.91 eV of the Sb L-edge in P (pristine CoSb3) shows an
Fig. 10 Sb L3-edge XANES spectra of the (a) Sb powder, (b) P, (c) I5E15A,
(d) I2.5E15A, (e) I1E15A thin films.

RSC Adv., 2019, 9, 36113–36122 | 36119
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increase in the intensities with Fe ion implantation (for
I2.5E15A), indicating an increase of density of unoccupied Sb 5p
states. Simultaneously, the Co L-edges of P and I2.5E15A indicate
a decrease in the intensities. This implies that there is a charge
transfer from Sb to the Co ions due to the Fe ion implantation.
In CoSb3, the lowest unoccupied states near the Fermi level are
composed of Co 3d and Sb 5p states, and the electrons from
these unoccupied states take part in the transport process.
Hence, the decrease in resistivity and increase in the Seebeck
coefficient for the I2.5E15A sample as compared to P may be
attributed to the change in the density of the states contributed
by the Co 3d to Sb 5p states. Fig. 11 shows the XANES spectra at
the Fe K-edge of the Fe-implanted CoSb3 samples. The XANES
pre-edge spectra were analysed by linking spectra from the Fe-
implanted samples with those from Fe2O3 and Fe foil. The
weak pre-edge peak at �7115 eV corresponds to the atomic-like
transition from the core 1s orbital to the 3d empty states. The
main peaks between 7133 and 7139 eV are associated with
a transition from the core 1s orbital to empty 4p states.53 The
spectral shape of the I1E15A sample lies at a lower binding
energy compared to the samples implanted at higher uence.
The intensity of the main absorption peak at 7133 eV decreases
with increasing ion uence. An additional peak at 7147 eV is
also observed in all samples. The pre-edge structure in the
XANES spectra of the transition metal Fe K-edge is ascribed to
quadrupolar transitions from the core 1s orbital to 3d empty
orbitals (dipole forbidden in an ideal octahedron), the transi-
tion of the 3d–4p mixing of Co (dipole allowed) and the 3d–p
mixing between the Co atom and Sb.54

Therefore, the positions of the splitting of the pre-edge peaks
directly reect the crystal eld splitting of the 3d orbital sub-
bands. For octahedral coordination, the peaks are associated
with the t2g and eg transitions. For tetrahedral coordination, the
crystal eld splitting with the t2g and eg levels is much less and
not resolvable into different peaks, so these appear as a single
peak. Hence, there is a change in the shape of the pre-edge split
peak into a normal singlet peak as the oxidation state changes
Fig. 11 Fe K-edge XANES spectra of (a) I1E15A, (b) I2.5E15A, and (c) I5E15A
thin films. Inset shows the Fe L3,2-edges XANES spectra of the Fe-
implanted CoSb3 thin films.

36120 | RSC Adv., 2019, 9, 36113–36122
from a Fe3+ octahedral to a Fe2+ tetrahedral structure. In the
present study, the oxidation state for all implanted samples is
the 3+ octahedral state. Also, from the small pre-edge feature
appearing between 7133 eV and 7138 eV, it can be anticipated
that a slightly distorted FeSb6 octahedron is present, indicating
that some of the implanted Fe ions substitute Co in the CoSb6
octahedron. Fig. 11 (inset) shows the Fe L3-edge of the Fe-
implanted CoSb3 thin lms. For divalent iron, the Fe L3-edge
spectra are dominated by a sharp peak at 707.8 eV, along with
a broader and less intense peak at 710.5 eV. For trivalent iron,
the L3-edge is depicted by a sharp peak at 709 eV and a less
intense shoulder at 707.8 eV.55 The spectra show the Fe L3-edge
at 709.59 eV and a small shoulder at 707 eV. The spectra of the
Fe L3-edge of the present study resemble that of the Fe3+

species.55 Hence, the Fe ion is implanted in CoSb3 in the Fe3+

state, which is also conrmed by the Fe K-edge absorption
spectra. The pre-edge appears at 7115 eV for the Fe(III) species
(as in Fe2O3), and at 7112.5 eV for the Fe(II) species (as in Fe(II)
acetate).56 Comparing the pre-edge and main absorption edge
features with that of the Fe foil57 and reference iron oxides from
literature, these spectra resemble that of the Fe2O3 haematite.56

The absorption pre-edge for all samples appears at 7115 eV,
indicating the presence of the Fe3+ species. This is also
conrmed from the Fe L-edge spectra. Fig. 12 shows the sche-
matic reecting the structural modications due to Fe ion
implantations in the CoSb3.

The electrical resistivity decreases substantially aer Fe
doping, indicating that the Fe ions are electrically active and act
as an electron acceptor. This is further conrmed with the
changing of the sign of S from a negative value to a positive one
aer Fe ion implantation. Yang et al.23 reported that the hole
concentration increases at a rate of �0.03 holes per Fe ion, and
concluded that the Fe ions substitute Co in a low spin d5

conguration in the CoSb3 lattice in a trivalent state. Similarly,
it can be concluded from the XAS results that the implanted Fe
is in the 3+ state. For the implanted samples, the decrease in
resistivity is due to the addition of p-type charge carriers. It is
observed that the S value decreases with the increase in Fe ion
uence. The lowest uence (I1E15A) has the highest S value
within the complete temperature range. The positive S value
follows the relation:58

Sp ¼ ðEV � EFÞ
eT

þ 2kB

e
(2)

where EV is the minimum of the valence band, EF is the Fermi
level, e is the charge of the carrier, kB is the Boltzmann constant,
and T is the absolute temperature. The S value varies mainly due
to the changes in the Fermi level. Due to the doping of Fe ions,
the hole carrier concentration increases and shis the Fermi
level towards the valence band; hence, the S value is positive. In
another literature,11 it is explained that S is enhanced by Ni ion
implantation on the basis of changes in the density of states.
Katsuyama et al.59 reported that FeSb2 and CoSb3 form a solid
solution. They showed that the electrical resistivity increases
and S decreases due to the presence of FeSb2 particles. This is
consistent with the present study.
This journal is © The Royal Society of Chemistry 2019
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Fig. 12 Crystal structure of CoSb3. Structure with blue dashed lines forms the CoSb6 octahedra and the one with the green dashed lines depicts
the void. Brown-coloured atoms are of Sb, blue ones are of Co and grey-coloured atom shows the guest atom (left). The image (right side) shows
the Fe-implanted skutterudite with the Co atom substituted with the Fe atom (green-coloured).
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4. Conclusion

Polycrystalline CoSb3 thin lms with the skutterudite structure
were deposited by PLD onto a Si(100) substrate and investigated
for their structural, optical, and morphological properties due
to Fe ion implantation aer RTA. The Fe ion implantation of
energy at 120 keV led to the amorphization of lms that
regained their crystallinity aer the RTA process at 873 K. Five
out of eight Raman active modes are seen in the samples of PA,
I1E15A, and I5E15A, which are absent in the P lm, depicting the
perfect cubic structure of the as-deposited lm. The lattice
parameter of the highest-uence-implanted annealed lm is
found to correspond to that of the bulk material (9.035�A). The
sign of S changes from negative to positive with Fe doping,
giving the highest value of S¼ 245 mV K�1 for I1E15A at 400 K and
the highest value of P.F. (700 mW m�1 K�2). The Fe substitution
on the Co site leads to the creation of vacancies, which gives rise
to a high concentration of holes. The high Seebeck coefficient
and reduced electrical resistivity of the Fe-implanted sample
leads to a high power factor. Fe L-edge XANES spectra show that
Fe occupies the Co site in the trivalent state. By optimising the
parameter of implantation, CoSb3 might lead to advanced
thermoelectric applications.
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