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ABSTRACT

The structural and electrical transport properties of Ge ion-implanted CoSb3
thin films were investigated. These thin films were deposited by pulsed laser

deposition on the quartz substrates and 100 keV Ge ions were implanted with

the ion fluences ranging from 5 9 1014, 1 9 1015 to 5 9 1015 ions/cm2. Scanning

electron microscopy shows an enlargement in grains with the increase of ion

fluence which is attributed to the contribution from local annealing and the

creation of ion-induced defects. The electrical resistivity (q) measurements

indicate that Ge implantation strongly influences the temperature-dependent

resistivity and hence affect the charge carriers. The decrease in mobility and an

increase in carrier concentration with the ion fluences lead to a decrease in

electrical resistivity. The conduction mechanism study reveals that this system

exhibits Mott type variable range hopping characteristics (ln q / 1/T1/4) in the

low-temperature regime for all the samples and follow the small polaron hop-

ping conduction mechanism, ln (q/T) / 1/T, at high temperature up to 400 K.

The room temperature Hall effect measurement and the temperature-dependent

Seebeck effect reveal that these films are of n-type.
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1 Introduction

Several concepts are being proposed for amaterial to be

a good thermoelectric (TE) material [1, 2]. One such

concept is the phonon glass electron crystal (PGEC)

introduced by Slack [3]. The materials that follow the

concept of PGEC possess the thermal conductivity as

that of glass while having the electrical conductivity as

that of metal [4]. One such material is skutterudite in

the form MX3 (where M is metal like Co, Ir and X is

metalloid like Sb, As, P) [5, 6]. These materials are one

of the potential TE materials that are in continuous

research of interest [7]. The skutterudites possess a

complex structure, low electronegativity difference

between the constituent atoms, high carrier mobility

and modest thermopower [8, 9]. CoSb3 have been

identified as one of the strong skutterudite candidates

for TE applications. It has a cubic structurewith the Im-

3 space group having a bandgap of 0.5 eV [4]. It consists

of eight sub cubes out of which six are occupied with

four-membered square planar Sb rings that are arran-

ged parallel to the crystallographic axis. In the unit cell,

eight CoSb6 octahedra share the corners of the cubic

lattice forming the (CoSb6)8 cluster. A void or a vacant

site is created at the centre of this cluster. These voids

act as a home for foreign atoms that could be loosely

bound and could rattle inside the cage structure. Some

atoms like Ba, Ge, rare earth metals etc. can occupy the

voids and rattle inside them. These rattlers scatter a

large number of phonon frequencies and substantially

lower the lattice thermal conductivity of the material

[4, 10–14]. Further, the ternary skutterudites can be

formed by doping them by dopants (Fe, Ni, Ge, etc.) at

Co or Sb site to achieve high TE efficiency [15–18]. The

efficiency of a TE material is defined by the figure of

merit, zT, a dimensionless quantity zT ¼ S2T
qj , where

S is Seebeck coefficient or thermopower,T temperature,

q resistivity and j is total thermal conductivity, which

is a sum of jL (lattice thermal conductivity) and jE
(electronic thermal conductivity) [19]. The core prop-

erties required inmaterial for good zT, as suggested by

Slack [3], like large unit cell, high carrier mobility and

complex structure are found in these skutterudites. The

doping at Co or Sb site or filling the void canmodify the

electronic structure and electrical properties alongwith

affecting the lattice thermal conductivity [20, 21].

However, in the bulk system, the main complication is

the interdependence of electrical conductivity and

thermopower (S), as tuning of one quantity influences

the other. Hence, it is necessary to find promising TE

properties in CoSb3 thin film. Ion implantation is one of

the ways to modify the low dimensional systems and

simultaneously doping or filling the voids in a con-

trolled manner. In ion implantation, highly energetic

ions penetrate the host material depending upon the

energy andmass of the ion. This provides several ways

to alter the conducting properties by introducing

chemical as well as structural changes. Hence, it can

facilitate the tuning of the electrical properties by

varying the carrier concentration, creating defects and

or by producing nanostructures. Bala et al. [22] and

Masarrat et al. [23] reported the Ni and Fe ion

implantation studies on CoSb3 respectively. Bala et al.

[24] in another study used the ion implantation tech-

nique for dopingAg in the PbTe thin films and reported

25% enhancement in the Seebeck coefficient. It is

important to note that there are limited investigations

on ion implantation studies of CoSb3. Hence, it is an

open field to study the modification of the physical

properties of this compound through the ion beam

techniques. Understanding the electrical properties

and the conduction mechanisms are important to fur-

ther correlatewith the physical properties including the

TE properties. Ge can be accommodated in the voids as

well as it can substitute the Sb position in the CoSb3
lattice. Nolas et al. [17] studied the physical properties

of Ge filled CoSb3 synthesised by high-pressure tech-

nique. These authors employed very high pressure to

squeeze Ge atoms inside the voids. Further, they have

made a systematic investigation by filling the IrSb3
voids with rare-earth ions (La and Sm) and substituted

Ge for Sb for charge compensation and reported that

the rattling method is one of the most promising

methods for the decrease of thermal conductivity [25].

In another study, Shaheen et al. [26] studied the TE

properties of Ge doped Nd filled skutterudite com-

pound. They have synthesised the p-type skutterudite

through homemade melt induction followed by spark

plasma sintering and reported a high zT of 0.82, which

was 30% higher than that of the Ge free sample. The Ge

atom in the CoSb3 structure can act as an electron

acceptor by substituting at the Sb site and also as an

electron donor when it occupies the voids of the CoSb3
structure [17, 27, 28]. This study focuses on the Ge ion

implantation in the CoSb3 matrix and its effects on the

morphological, structural and electrical properties. The

detailed analysis of the conduction mechanisms in the

ion-implanted CoSb3 is an imperative tool to tailor the

TE properties. This investigation provides an insight
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into the conduction mechanisms that govern at differ-

ent temperature ranges.

2 Experimental details

The CoSb3 thin filmswere grown on a quartz substrate

using the pulsed laser deposition (PLD) system from

M/S Excel Instruments, India. The commercial bulk

CoSb3 was used as the target. The substrate tempera-

ture was maintained at 523 K with a background Ar

gas pressure of 1.3 Pa, and a target-to substrate dis-

tance of 6 cm. A detailed procedure for deposition of

these films using PLD and a description of the effects

of deposition parameters like stress, composition, and

crystallinity on CoSb3 have been published elsewhere

[23]. These filmswere implantedwith 100 keVGe ions

using the Inter-University Accelerator (IUAC) facility,

India for Negative Ion Implantation with the ion flu-

ences: 5 9 1014, 1 9 1015 and 5 9 1015 ions /cm2. In

the ion implantation, the ion beamswere scanned over

an area of 1 cm 9 1 cm for uniformity. The implan-

tation was carried out at room temperature in the

vacuum chamber maintained at 10-4 Pa.

In this study, the pristine thin film is referred to as

GCS1, and the implanted films with ion fluences

5 9 1014 ions/cm2, 1 9 1015 ions/cm2 and 5 9 1015

ions/cm2 are refereed as GCS2, GCS3 and GCS4

respectively. The thickness of the as-deposited thin

film was evaluated using Rutherford backscattering

(RBS) and found to be 300 nm. The projected range of

the Ge ion beam is 29 nmwith a straggling of 17 nm as

calculated through stopping and range of ions in

matter (SRIM) [29]. Based on this, it is found that the

* 46 nm thick layer is amorphized. The atomic force

microscopy (AFM) was performed to study the sur-

face morphology using the Multi-Mode Scanning

Probe Microscopy (Witec Alpha RA 300) operated

under tapping mode. A scanning electron microscope

(SEM) was used to study the surface morphology

using the focussed ion beam field emission scanning

electron microscope (FIB-FESEM, Zeiss, crossbeam

340). The FIB-FESEMwas operating at an accelerating

voltage of 5 kV with a working distance of 3 mm. The

images were recorded using the in-lens detector. The

structural characterizations were performed by using

the grazing incidence X-Ray Diffraction (GIXRD) at 1�
of the Philips X’pert PRO (Model PW 3040) diffrac-

tometer and themicro-Ramanmeasurements by using

Micro Raman spectroscopy (m-RS, Renishaw, UK).

The Hall effect measurement was carried out using a

0.57 T magnetic field at room temperature to calculate

the carrier concentration and mobility. The tempera-

ture-dependent electrical resistivity (q) in the range of

80 to 400 K was measured by the four-probe method

and the Seebeck coefficient (S) by the bridge method

[30] in the temperature range from 300 to 400 K.

3 Results and discussion

3.1 Morphological analysis

The morphology of the samples GCS1, GCS2, GCS3

and GCS4 are displayed in Fig. 1. From the SEM ima-

ges, it is observed that angular grains and visible grain

boundaries are distinct and clear for the pristine sam-

ple. Ion implantation causes the morphology changes

and the well-defined grains gradually disappear. A

similar trend was also observed for Ge doped In-filled

Co4Sb12 samples [28], where well-defined grains dis-

appear with the change in Ge content. Similar grain

boundaries disappearance and microstructure changes

were also observed with Te substitution in CoSb3 [31].

The grain size has been calculated by measuring the

size of 50 grains and then averaging it to obtain the

average grain size for each sample. For GCS1, the

average grain size is found to be 148 nm, which is

smaller than that of the sample implanted with

5 9 1014 ions/cm2. The grain size increases further as

the ion fluence increases and reaches 250 nm for GCS3.

This increase in grain sizemay be attributed to the local

annealing caused during ion implantation [32]. Ion

implantation produces beams of sufficient power

density to raise the temperature of the target by 100s of

degrees which gets dispersed into the surrounding

solid within 10-9 s. During this brief period of high

atomic mobility, substantial rearrangement of atoms

occurs that can lead to grain growth. In this study, one

expects that the local heat generated due to the energy

loss leads to the grain growth due to ion implantation.

The grain growth with ion fluence may also be attrib-

uted to the defects created due to ion implantation.

Both nuclear energy loss (Sn) and electronic energy loss

(Se) take place during the ion beam process. They may

contribute to grain enlargement. The Sn and Se are

calculated using SRIM and found to be 156 eV/Å and

19.69 eV/Å, respectively. Due to high Sn during

implantation, extended damages lead to the creation of

defects through nuclear collisions. Further, when an
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accelerating ion penetrates a solid, it loses its energy

through nuclear as well as electronic energy loss. At

low energy ion implantation, the nuclear energy pro-

cess dominates and the target atom receives sufficient

energy to produce a collision cascade leading to the

formation of vacancies, interstitials etc. This forms the

defect clusters, dislocation clusters and even extended

defects as the implantation progresses. The production

of these cascades leads to the promotion of diffusion

which can lead to a variety of diffusion-based phase

transformations including grain growth. The growth of

grains starts from the crystalline-amorphous interface

towards the surface and the rate of growth is propor-

tional to the production of the rate of point defects.

Mohanty et al. [33] studied the grain growth behaviour

in tin oxide thin films by bombarding them with

250 keV Ar ion and proposed that the ion-induced

defects enhance the diffusion of atoms and local

annealing effects leads to the grain growth process. In

another study, Karpe et al. [34] reported the irradiation-

induced grain growth and associated it with the dif-

fusion during the atomic collision cascade. For the

sample at the highest ion fluence, i.e., at 5 9 1015 ions/

cm2, it is difficult to identify the grain growth at the

same magnification level as that of the other three

samples. The change in average grain size with fluence

is shown in Fig. 1 [inset of (d)].

The topological views from AFM for the films of

GCS1, GCS2, GCS3 and GCS4 are shown in Fig. 1a–d

(scale area 1 9 1 lm2). The surface roughness of

GCS1 is 4.5 nm which increases considerably after

the first ion fluence. The increase in roughness

appears to be due to the sputtering caused during the

ion implantation. The roughness of the film decreases

and reaches * 1.39 nm for the sample GCS4 (Fig. 2).

3.2 Structural properties

3.2.1 X-ray diffraction

The structure and phase of PLD deposited and Ge

ion-implanted thin films were determined by GIXRD.

Figure 3 shows the GIXRD patterns of GCS1, GCS2,

GCS3 and GCS4. The indexing of the samples was

done using the CoSb3 (JCPDS No.-01-089-4039). The

PLD grown films contain primarily the CoSb3 phase

Fig. 1 SEM images of Ge ion-implanted CoSb3: a GCS1, b GCS2, c GCS3 and d GCS4. Inset in d shows the calculated average grain

size of GCS1, GCS2 and GCS3. The grain size increases with the increase in ion fluences
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and very small traces of the CoSb2 phase. After Ge

ion implantations, apart from the phase of CoSb3,

other phases such as CoSb2 and oxides of Sb evolve

(indicated by different symbols). The peaks intensity

decreases considerably with the ion implantation,

specifically, the intensities of main peaks related to

reflections (013) and (123) of CoSb3. This is possibly

due to Ge occupying the voids in the CoSb3 structure.

A similar observation was reported by Nolas et al.

[25] as they attempted to make Ge substituted La

filled IrSb3 compound. The authors reported that the

decrease in intensity of the X-ray reflections is due to

the filling of La atoms in the IrSb3 voids. Takizawa

[35] attempted to form the Ge filled CoSb3 compound

by varying the preparing pressure from 30 MPa to 5

GPa and reported that the decrease in reflection

intensity of GexCo4Sb12 is because of the incorpora-

tion of Ge atoms in the body-centred vacant sites of

CoSb3 host lattice. Hence, all these studies provide

evidence to conclude that the Ge occupies the place in

a void rather than taking the Sb position. The lattice

parameter calculated for GCS1 is 0.915 nm, which

matches well with the reported results [4]. Never-

theless, slight changes were observed in the lattice

parameter after Ge ion implantation in the CoSb3 host

lattice. Crystallite size and lattice strain have been

calculated from the most intense (013) Bragg peak,

using Scherrer’s formula [36]. The crystallite sizes of

GCS1, GCS2 and GCS3 are 16, 19 and 13 nm,

respectively. The lattice strains of GCS1, GCS2 and

GCS3 are found to be 0.008, 0.007 and 0.10,

Fig. 2 AFM images of Ge

ion-implanted samples:

a GCS1, b GCS2, c GCS3 and

d GCS4. Insets show the 3D

images of the samples

Fig. 3 GIXRD patterns of Ge ion-implanted thin films, GCS1,

GCS2, GCS3 and GCS4. Only peaks corresponding to the CoSb3
phase are marked with corresponding indices. SbO2 phase is

marked with o, CoSb2 with * and Sb2O3 with #
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respectively. Generally, it is considered that the

grains are composed of several crystallites. Hence, in

the present study, in the case of GCS1, its grain size is

148 nm which is composed of many crystallites of

size 16 nm. Due to local disorder, the crystallite size

and lattice strain of GCS4 could not be calculated.

3.2.2 Raman spectroscopy

The room temperature Raman scattering spectra

recorded for GCS1, GCS2, GCS3 and GCS4 are pre-

sented in Fig. 4a. The resulting Raman peaks are fit-

ted with the Lorentzian line shapes for GCS1 as

shown in Fig. 4b. Out of the 19 optical modes

(6Fu ? 4Fg ? 2Au ? 2Ag ? 3Eu ? 2Eg) that are

expected to be present in unfilled skutterudite, nine

of these Raman active modes (Fu ? 4Fg ? 2Eg ? 2Ag)

are assigned as the vibrations produced due to rattler

atoms present in the voids and Sb atoms comprising

the Sb4 square planar ring. These assignments are

based on theoretical studies. In this study, 7 out of 9

Raman active modes are observed. The atomic

vibrations (m) of the seven Raman active modes and

line width (Dm) of the Lorentzian fits of all the sam-

ples are displayed in Table 1. The modes are com-

pared with the reported Ge filled CoSb3 [27] and

unfilled CoSb3 theory [37]. The phonon frequencies in

the present study match well with those reported for

unfilled CoSb3 confirming the formation of the CoSb3
phase. The Raman active modes are the result of the

vibration due to Sb–Sb bonds and are independent of

Co atoms. These Raman scatterings help to elucidate

the guest-host interactions in these particular skut-

terudites. As shown in Fig. 4a, the Raman spectra of

the Ge implanted skutterudite films (GCS2, GCS3

and GCS4) are very similar to that of the pristine

CoSb3 (GCS1). The observed mode of frequencies for

the implanted samples differs from the undoped

skutterudite by 1–2 cm-1. This suggests that the Ge

ions are possibly situated in an off-centre position.

From the fitting, one can observe the broadening of

the peaks 121, 147, 158 and 179 cm-1. The enhance-

ment of these phonon line widths might be due to the

phonon-phonon interaction. This broadening might

also be triggered due to the random placement of Ge

ion into the CoSb3 structure by the implantation

process. Further, during implantation, if some of the

Ge ions occupied the voids, they may rattle inside

them giving rise to the fluctuating bonding of the Sb

bonds that forms the boundary of the voids. This

might also lead to the slight broadening of the pho-

non linewidth of the Sb rings. When the atom rattles

inside the void, it creates a disorder that affects the

bonding of the Sb atoms that forms the void. This

causes the broadening of the vibrational energies of

the Raman active Sb vibrational modes. The Ge atoms

while rattling inside the voids interact with lattice

phonons. This is in corroboration with the low ther-

mal conductivity of the CoSb3 skutterudites. FT-IR is

often considered complementary to Raman spec-

troscopy. It gives information based on the chemical

composition and physical state of the sample and is

recorded between 400 and 4000 cm-1. Kumar et al.

Fig. 4 a Raman spectra of Ge ion-implanted thin films of GCS1, GCS2, GCS3 and GCS4. b Fitted Raman peaks with Lorentzian line

shapes for GCS1
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[38] studied the FTIR analysis of In doped CoSb3
(In = 0 to 0.0625). They reported that all the peaks in

the regions 1600–1767 cm-1 correspond to metal-

oxygen bonding whereas the peaks at 1387, 1384 and

1387 were assigned to Co-Sb bonding. Further, the

peaks at 739, 738, 740 and 741 cm-1 were attributed

to the Co complex and confirm the In filling in the

void site of CoSb3. FT-IR spectrum below 400 cm-1 is

expected to provide more information about the

phonon modes of vibration in the CoSb3 samples.

Raman scattering helps to elucidate the guest-host

interaction in the skutterudites and the Raman active

modes correspond to the vibrations of the Sb atoms.

Raman spectroscopy results confirm the formation of

the CoSb3 phase as well as gives us information

regarding the bonding between the constituent atoms

and the position of Ge in the host lattice. This has

been also discussed by Masarrat et al. [23] along with

X-ray absorption spectroscopy data in the case of Fe

ion-implanted CoSb3.

3.3 Electrical resistivity and conduction
mechanism

To understand the nature of electrical transport in Ge

ion-implanted CoSb3 thin films, the temperature-de-

pendent resistivity was measured. Figure 5a shows

the resistivity of samples GCS1, GCS2, GCS3 and

GCS4 measured from 80 to 400 K. It is apparent that

the resistivity decreases with temperature for all the

samples depicting typical semiconducting behaviour.

Moreover, the resistivity decreases considerably after

the Ge ion implantation as compared to the pristine

CoSb3, i.e., GCS1. However, the decreasing rate of

resistivity of ion-implanted samples is lower than the

pristine CoSb3. A similar feature was observed pre-

viously in Ge doped CoSb3 [17, 15]. This change is

mainly attributed to the increase in carrier concen-

tration after Ge ion implantation. To verify this, room

temperature Hall measurement was carried out on

pristine as well as ion-implanted samples. The room

temperature dependence of carrier concentration,

mobility and the Hall coefficient is shown in Fig. 5b.

All the samples are of n-type, which is in good

agreement with the negative thermopower obtained

in this work (discussed later). The carrier concentra-

tion of GCS1 is of the order of 1020 and increases to an

order of magnitude after the ion implantation. The

mobility, as well as the Hall coefficient, decreases

with the increase in ion fluence. The defects and

dislocations created during ion implantation result in

a decrease in mobility [23]. The drastic decrease in

resistivity after ion implantation is because of the

considerable increase in charge carrier concentration

with increasing ion fluence. It should be noted that

the resistivity of GCS4 is higher than the other two

ion-implanted samples. At the highest ion fluence,

the distortion created by implantation might lead to a

decrease in mobility and hence result in the increased

electrical resistivity at the highest ion fluence, i.e.,

GCS4.

For the measured temperature range, the magni-

tude of bandgap can be calculated from the Arrhe-

nius plot which is as given,

q Tð Þ ¼ q0 exp
Eg

2kBT

� �� �
; ð1Þ

where q0 is the residual resistivity, kB is Boltzmann

constant, T is the absolute temperature and Eg is the

bandgap. The fitting of the straight line of ln q vs. 1/

T gives the bandgap of 0.1 eV for GCS1 which is close

to the value of CoSb3 reported [4]. However, the

bandgap calculation from the Arrhenius plot does

not give very accurate values for narrow bandgap

semiconductors. Hence, these calculated values just

provide an idea of the relative variation of the

bandgap of pristine CoSb3 (GCS1) with that of the

implanted samples (GCS2, GCS3 and GCS4). For the

samples implanted with Ge, the bandgaps are 0.04,

0.02 and 0.04 eV, respectively. These values are much

smaller than the bandgap of CoSb3. The implantation

of Ge ions modifies the band structure of CoSb3 and

Table 1 Peak positions, FWHM (in cm-1) and mode assignments

of the experimentally observed Raman active phonon modes of Ge

ion-implanted thin films, GCS1, GCS2 and GCS3

GCS1

t;Dt
GCS2

t;Dt
GCS3

t;Dt
Ge0.05CoSb12
t;Dt

CoSb3 theory

t

106, 10 107, 9 106, 9 110, 3 97 Fg
� �

122, 6 122, 9 121, 7

126, 20 130, 6 128, 17 136, 3 139 Eg

� �
147, 7 149, 7 147, 9 150 Ag

� �
159, 5 158, 8 159, 10 153, 4 157 Fg

� �
174, 7 173, 7 172, 6 178, 5 178 Fg

� �
179,4 180, 6 179, 7 180, 4 179 Ag

� �
The peak positions are compared with Ge0.005 CoSb12 [27] and

CoSb3 theory [37]
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led to a change in bandgap values. The Ge ion

introduces the donor levels in the bandgap of CoSb3,

which gets easily activated and hence leads to an

increase in charge carrier concentration. It is evident

from the Hall coefficient and hence decreases the

resistivity. A similar introduction of donor levels in

the bandgap was observed in the literature [18] due

to In, and Yb dopants.

To understand the conduction mechanism of Ge

ion-implanted thin films (GCS1, GCS2, GCS3 and

GCS4), the temperature range is divided into two

regimes: (i) low temperature (100 to 200 K), and (ii)

high temperature (200 to 400 K). In 1968, Mott pro-

posed that at low temperature, the states whose

energies are within the narrow band near the Fermi

level, follow the hopping conduction [39]. Thus,

because of the narrow bandwidth, the constituent

states can be considered as far from each other such

that their spatial distribution is independent. Hence,

the system that follows the VRH model assumes that

the energy is independent of the density of states at

the Fermi level. At low-temperature, Mott’s variable

range hopping (VRH) model based on localised

electrons fits well for the low bandgap semiconductor

and has a characteristic temperature dependence as

q ¼ q0 exp
TM

T

� �1=4
" #

; ð2Þ

where

TM ¼ Ca3

KBNF

; ð3Þ

where C is 18.1, a is the inverse of decay length, NF
is the density of localised states.

Figure 6a shows the plot of ln q vs. 1/T1/4 for the

temperature range 80 to 200 K and fitted using Mott’s

VRH model for GCS1, GCS2, GCS3 and GCS4. The

red solid line is shown in is the best fit of Eq. (2) of

the experimental data. Previous studies have also

reported that the electrical resistivity follows the

VRH mechanism for CoSb3 [40, 41]. Daniel et al. [40]

studied the TE properties of Co–Sb thin films by

varying the Sb concentration and identified the VRH

as a dominant conduction mechanism at low tem-

peratures. In another study, Bhaskar et al. [42] pro-

posed that the electrical transport is dominated by

Mott’s theory of VRH in the temperature range of

300 � T � 425 K for the CoSb3(1?d) system with

d = 0.00, 0.01 and 0.02. Gharleghi et al. [43] also

reported that for the temperature range 300 K � T

� 425 K, both resistivity and thermopower follow

the VRH process for the CoSb3 system which

assumes the energy independence of density of states

at the Fermi level. From fitting, TM is calculated from

the slope and listed in Table 2. TM is found to be

decreased as the Ge ion fluence increases. From Eq. 3,

it is evident that TM is inversely proportional to NF,

hence the density of states increases with Ge ion

fluence. Further, the Mott hopping energy EM can be

evaluated by the following relation

EM ¼ 1

4
kBT

TM

T

� �1
4

ð4Þ

It can be seen that the activation energy monoton-

ically decreases as T3/4 with a decrease in tempera-

ture. For the same reason resistivity obeying Mott’s

law is often referred to as resistivity with decreasing

Fig. 5 a Temperature-dependent resistivity of Ge ion-implanted

thin films, GCS1, GCS2, GCS3 and GCS4. All the films show

semiconducting characteristics. Inset is the resistivity of GCS2,

GCS3 and GCS4 and b Carrier concentration, Hall mobility and

Hall coefficient as a function of Ge ion fluences
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activation energy. The fitting suggests that the VRH

process dominates the conduction for the tempera-

ture range from 100 to 200 K.

Linear behaviour of ln q vs. T-1/4 plot is not

observed in the temperature above 200 K and hence

the resistivity data cannot be explained by the VRH

model. In the temperatures above 200 K, the small

polaron hopping conduction (SPHC) model is fol-

lowed as given by the relation,

q Tð Þ ¼ 1

nel
¼ T

C
exp

Ehop

kBT

� �
; ð5Þ

where n is the carrier concentration, e is the electrical

charge of the carrier, l is the carrier mobility, C is a

constant, Ehop is the activation energy of polaron

hopping, and kB is the Boltzmann constant. By plot-

ting ln (q/T) vs. 1/T for all the samples (Fig. 6b), it is

observed that the temperature dependence of resis-

tivity fits well with the SPHC model for the given

range of temperature (200 to 400 K). Generally, it is

considered that electron-phonon coupling occurs in

the vicinity of Fermi energy for the narrow bandgap

semiconductors. Figure 7a shows the schematic of the

CoSb3 structure with the small polaron model

(shown in a red dashed square). A schematic picture

of the SPHC mechanism is shown in Fig. 7b. Elec-

tronic interactions between the electron (or holes) and

the atom near these electrons give rise to localised

atomic distortion. These distortions move along with

electrons in the crystal lattice, which is called a small

polaron [9]. According to the Holstein model, small

polaron conduction occurs mainly through a ther-

mally activated hopping process at high tempera-

tures [44]. The activation energy Ehop of small

polaron hopping is calculated by performing a linear

fit to the experimental data of ln (q/T) versus 1/T

plot and the values of Ehop all the Ge ion-implanted

samples are shown in given in Table 2. It can be seen

that the activation energy is smaller than the bandgap

of CoSb3. This indicates that the electrical conduc-

tivity in this temperature range is mainly due to small

polaron hopping conduction and the intrinsic con-

duction does not occur within the measured tem-

perature range. Yang et al. [45] studied the TE

properties of CoSb3 nanocomposites with dispersed

nanoparticles and proposed that the system follow

Fig. 6 a The plot of ln q vs. 1/T1/4 fitted using Mott’s VRH model for GCS1, GCS2, GCS3 and GCS4. b The plot of ln q/T vs. 1/T in the

framework of small polaron hopping conduction model at T[ 200 K for GCS2, GCS3 and GCS4. Inset shows the fitting for GCS1

Table 2 Seebeck coefficient, resistivity, mobility, carrier

concentration, Hall coefficient, energy bandgap, Mott’s

temperature and hopping energy and other energy parameters

derived from SPHC model of Ge ion-implanted thin films, GCS1,

GCS2, GCS3 and GCS4 at room temperature

Sample GCS1 GCS2 GCS3 GCS4

S(lV/K) (400 K) - 45 - 18 - 15 - 6

q mOcmð Þ 114 12 11 15

l cm2 Vs�1
� �

6.53 1.96 0.83 0.74

N 1020cm�3
� �

- 1.815 - 32.56 - 51.85 - 92.1

RH 10�2
� �

- 3.43 - 1.91 - 0.12 - 0.67

Eg eVð Þ 0.11 0.04 0.02 0.02

Tm Kð Þ 14,641 7744 1099 7448

Ehop eVð Þ 0.089 0.02 0.01 0.01

ES eVð Þ 0.03 0.01 0.01 0.004

WH eVð Þ 0.059 0.01 – 0.06

EP eVð Þ 0.12 0.02 – 0.12
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the Small polaron hopping model for the temperature

above 250� while at low temperature the sample

showed metallic behavior. Further, it is also observed

that the Ehop decreases with the increase in Ge ion

fluence. This suggests that the transport of polarons

become easier with an increase in Ge concentration,

which is consistent with the Hall measurement data

(i.e., the Ge implanted samples have higher carrier

concentration and low Hall mobility). Thus, the ion-

implanted samples possess low electron mobility that

may be due to the localized nature of charge carriers.

Hence, the decrease in hopping energy for polaron

transport facilitate charge transport and led to a

decrease in electrical resistivity.

Figure 8 shows the temperature dependence of the

Seebeck coefficient (S) for all the samples GCS1,

GCS2, GCS3 and GCS4. The S values remain negative

in the temperature range investigated for all the

samples indicating the n-type behaviour. Electrons

are the majority charge carriers as also confirmed by

the Hall measurements. It is reported in the previous

studies that Ge atoms occupying the void act as

electron donors and that Ge substitutions on the Sb

sites act as electron acceptors [17]. A similar case was

observed for the Sn-filled CoSb3 [17]. The magnitude

of S increases with the increase in temperature for the

full temperature range in all the samples. The low

value of S is attributed to the presence of mixed

phases of CoSb2 and Sb2O3 along with the CoSb3
phase. The value of the absolute Seebeck coefficient

of multiphase films is usually lower than that of

single-phase films [46]. The additional phases formed

during deposition of films or implantation provides

an additional path that short circuit the semicon-

ducting phase. A previous study reported that the

Fig. 7 a Schematic of CoSb3 crystal structure. The conventional

unit cell is shown with a black bold dashed line and Co, Sb and

voids/Ge filled voids are indicated by green, brown and blue

colours, respectively. One Sb4 ring is also shown in the structure.

The red bold dashed square shows one CoSb6 octahedron showing

the schematic of the small polaron model. Increasing temperature

causes electronic interactions between e- and the neighbouring

atoms that give rise to local atomic distortions. These distortions

move with e- in the crystal lattice and are called small polarons.

b the schematic of the polaron hopping model. The arrows

represent the attractive and repulsive forces (Color figure online)

Fig. 8 Seebeck coefficient of Ge ion-implanted thin films, GCS1,

GCS2, GCS3 and GCS4. The Seebeck coefficient is negative for

all the films depicting n-type behaviour
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S and charge carrier density decreases due to the

presence of such impurity phases [40].

The absolute value of S decreases with the increase

in ion fluence and depends on the carrier concentra-

tion n according to the relation,

S ¼ 8p2K2
B

3eh2
m�T

p

3n

� 	2
3

; ð6Þ

where S depends inversely on n2/3. Hence, the

S decreases as the carrier concentration increase, i.e.,

as ion fluence increases.

Mott’s formula [47] for the thermopower can be

used to extract the ES, (activation energy for ther-

mopower), which denotes the difference between the

Fermi level and the polaronic band, i.e., the charge

carrier generation energy in the polaronic picture.

S ¼ � k

e

ES

kBT
þ A

� �
ð7Þ

Here A is the constant of proportionality between

heat transfer and kinetic energy of charge carriers.

This activation energy derived from thermoelectricity

can also be considered as the energy difference

between identical lattice distortion with and without

charge carriers [47].

The difference in activation energy derived from

resistivity Ehop and that from thermopower ES gives

the energy required for polaron hopping, WH, given

as,

WH ¼ Ehop � ES; ð8Þ

where WH [ KBT such that the thermally acti-

vated process dominates. One can further calculate

the polaron formation energy from the relation,

Ep ¼ 2WH: The above energies are listed in Table 2.

Since Ehop [ ESit is the case for small polaron

transportation.

The reduction of both RH and q for the Ge ion-

implanted thin films can be related to the defects and

nanostructures created due to ion implantation.

Usually, the largest Seebeck coefficient is recorded for

the samples having a high q and large Hall coefficient

[40]. A similar case is observed in the present study.

The results from XRD, Raman and Seebeck coefficient

suggest that in the Ge ion-implanted films, Ge ions

can sit in the voids along with occupying the Sb sites.

The positive attribute of the presence of Sb2O3 has

low thermal conductivity (* 0.4 Wm-1 K-1) [48] as

compared to that of CoSb3 (*10 Wm-1 K-1) [49].

Hence, the overall thermal conductivity may also

decrease, which might enhance the overall efficiency

of the system.

4 Conclusions

The morphological, structural and electrical proper-

ties of Ge ion-implanted CoSb3 thin films are dis-

cussed. The grain growth is observed after the

implantation which is attributed to the local anneal-

ing effect due to ion beam as well as to the creation of

ion-induced defects. The Grazing incidence X-ray

diffraction shows the presence of impurity phases of

CoSb2 and oxides of Sb along with the skutterudite

phase. The Raman spectra of the implanted films

(GCS2, GCS3 and GCS4) are very much similar to

that of the pristine (GCS1), which suggest that the Ge

ions might be present in an off-centre position. The

decrease in the mobility and increase in the carrier

concentration with the ion fluences lead to a decrease

in electrical resistivity and these have positive attri-

butes. The formation of nanostructures also accounts

for reduced resistivity. Ge implantation leads to an

increase in carrier concentration Further, the variable

range hopping mechanism has been identified as the

conduction mechanism for the low-temperature

regime while small polaron hopping conduction fits

well for the higher temperature region. The Hall

measurements are in agreement with the ther-

mopower results, which show that the films are of

n-type.
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