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ABSTRACT

The adverse effect of fossil fuels on the environment is driving research to explore alternative energy sources. Research
studies have demonstrated that renewables can offer a promising strategy to curb the problem, among which thermoelectric
technology stands tall. However, the challenge with thermoelectric materials comes from the conflicting property of the Seebeck
coefficient and the electrical conductivity resulting in a low power factor and hence a lower figure of merit. Researchers
have reported various techniques to enhance the figure of merit, particularly in metal chalcogenide thermoelectric materials.
Here we present a review on isovalent substitution as a tool to decouple the interdependency of the electrical conductivity
and Seebeck coefficient to facilitate simultaneous enhancement in these two parameters. This is proven true in both cationic
and anionic side substitutions in metal chalcogenide thermoelectric materials. Numerous publications relating to isovalent
substitution in metal chalcogenide thermoelectric are reviewed. This will serve as a direction for current and future research to
enhance thermoelectric performance and device application. This review substantiates the role of isovalent substitution in
enhancing metal chalcogenide thermoelectric properties compared with conventional systems.
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avenue of directly generating electricity from waste heat [3-5].

1 Introduction
troduct This approach provides a solution to climate and environmental

Energy generation is likely to be the foremost scientific challenge
in the years to come. This is due to the globally increased
demand for energy partly due to the uncontrollable rise in
population. This has spurred the search for alternative means of
power generation. Moreover, rampant global climate change
due to fossil fuel combustion has prompted the research
community to eradicate this menace by providing an
alternative means of generating energy, which operates
without contamination to the environment. Using theoretical
calculation, Cullen et al. [1] established that, provided all energy
conversion devices operate at their respective maximum
efficiency, the global energy demand could be reduced by 90%.
Similarly, 90% of the energy consumed by human activities is
generated by the thermal process, which eventually is dissipated
as heat [2]. Thermoelectric (TE) technology offers the best

problems while broadening our energy resources.

Thermoelectric device performance is quantified by the
dimensionless parameter (zT), which is defined as zT =
[PE/(k. +«,)]T, where PF is the power factor, k, and «, are
the lattices and electronic thermal conductivities, respectively,
T is the temperature whilst PF is the thermoelectric power factor
which is defined as PF = S0, with o being the electrical
conductivity and S as the Seebeck coefficient. The figure of
merit of any material that contributes to the efficiency of
energy conversion of thermoelectric devices for both heating
and cooling systems can be well described by the coefficient of
performance (COP) [6], where the COP requires correspondingly
high zT of the TE materials. Details of the COP is presented
in section 2.

It is important to mention that the COP of thermoelectric
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refrigerators is linked with the zT of the TE material. The zT
of the state-of-the-art Bi,;Tes materials (zT ~ 0.8) is enough to
produce a COP of 10 K. Irrespective of the low COP, TE coolers
can yield a high cooling temperature. A proper material design
can enhance the zT of TE materials, which will improve the
COP. The o is directly dependent on the carrier concentration
and mobility. Enhancing carrier concentration enhances the o
and decreases the Seebeck coefficient, which reduces the power
factor. Ideally, for achieving a high zT, every thermoelectric
material requires simultaneous enhancement in the electrical
conductivity and Seebeck coefficient coupled with a decrease
in the total thermal conductivity. However, due to the effective
coupling of these parameters, it is challenging to increase
both ¢ and S and decrease the total thermal conductivity (x.).
This is due to the interdependency among these parameters.
Due to the difficulty in simultaneously enhancing two or more
thermoelectric properties, several studies focus on drastically
decreasing the lattice thermal conductivity via enhanced
phonon scattering mechanisms without deteriorating the
power factor.

Developing newly improved functional materials for
harvesting energy that does not threaten the environment
is vital for the next generation. Unlike conventional energy
harvesters, TE device technology is reliable, scalable, economical
and environmentally friendly. Thermoelectric devices are
exceptional as they do not involve moving parts [7]. This
makes TE technology maintenance-free. Areas of application
where TE immediately replaces the conventional power generators
are long term low power sensors, wearable electronics, and
wireless sensor networks.

The past few decades earmarked the first generation of bulk
thermoelectric materials. These materials exhibited an efficiency
of about 5%-6% and a thermoelectric figure of merit of about
0.8-1.0 [8]. Most of these materials, which saw the light of the
day for practical usage, fall under the metal chalcogenides
(MC) class, among which the most recognized state-of-the-art
TE material for room temperature TE application is Bi;Tes [9].
Researchers have published several reviews on strategies to
improve TE performance, including band engineering of
thermoelectric materials [10], synthesis of chalcogenides [11],
wearable thermoelectric power generation [12], nanostructured
thermoelectric materials [12, 13], oxides [14], and sulfides
[15, 16]. However, there has not been any review paper on the
effect of an isovalent substitution on MC as a TE material.
Studies have shown that isovalent substitution in MCs can
simultaneously enhance the power factor while diminishing
thermal conductivity by forming resonant states.

This review covers the emerging mechanism of enhancing
MC thermoelectric performance through isovalent substitution.
MC compounds are typically seen as M>Cs, where (M = metal
and C = chalcogen). The substitution of a different metal for
“M” or a second chalcogen for “C”, which are of equal valence
number as those of “M” and “C”, respectively, have proven to be
a salient way of enhancing the performance of TE properties
in MC. Introduction to the start-of-the-art thermoelectric
materials and devices is shown in Section 1. Section 2 presents
the general description of thermoelectric power generation,
analysis of the Landuer-Boltzman approach to thermoelectric
properties, and derivation of TE transport properties. Section 3
discusses the recent advancement of isovalent substitution
in metal chalcogenide materials for TE application. Sections 4
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and 5 provide the threats to the validity of this study and the
conclusion, respectively.

2 General description of thermoelectric power
generation

Thermoelectric power generation involves converting waste
thermal energy (heat) into usable electric power. This energy
recovery process from heat to electricity is not a new
phenomenon but was discovered in 1822 by a German Scientist,
Thomas Seebeck. He observed an electrical voltage generated
when two dissimilar but electrically conducting materials are
connected in a closed circuit with a temperature gradient. The
effect is termed the Seebeck effect, and the two junctions are
termed the thermoelectric couples. In a typical design of a TE
module, the p-type and the n-type legs of the modules are
connected electrically in series and thermally in parallel. This
is then sandwiched between thermally conducting plates. The
physical explanation of thermoelectricity is due to the difference
in the thermal energy of mobile charge carriers (electrons and
holes) at the cold and the hot end. The heat transported from
the hot side to the cold end is accomplished by the diffusion of
energised charge carriers from the hot side to the cold end.
This leads to an inhomogeneous charge distribution due to
the larger number of charge carriers at the cold end than the
hot end. It, therefore, creates an electric field, which opposes
the diffusion process. Similarly, the accumulation of negatively
charged carriers at the cold end renders it the negative terminal
while the hot end becomes a positive terminal. Considering an
open circuit condition, the rate of diffusion of the carriers
from the hot end to the cold balances the electric field effect
due to the charge movement from the cold to the hot end and
leads to a state of equilibrium. Hence, the formation of the
electrochemical potential (4) is measured as the Seebeck
voltage response to the temperature gradient. Accordingly, the
overall voltage generated per unit temperature gradient is
referred to as the Seebeck coefficient. For a closed circuit,
the electrochemical potential via the Seebeck voltage drives
current through the circuit to serve as the electric power.
More importantly, since electrons and holes have a different
directions of movement, the overall current generated does
not counteract but accumulates. This is a fundamental process
for thermoelectric power generation [3, 6, 17].

Figure 1(a) is a typical thermoelectric device, and Fig. 1(b)
shows how the n-type and p-type legs of a thermoelectric
device are designed, thus explaining the direction of the flow
of current through each leg. The thermal conductivity of TE
materials cannot be reduced beyond the amorphous limit due
to the phonon mean free path being limited by interatomic
distance except in cases of nanostructuring [20]. It, therefore,
becomes significant to couple the thermal conductivity reduction
with thermoelectric power factor enhancement to realise the
very high TE performance.

The recent advancement in thermoelectric material
performance has seen its utilization in device fabrication,
whereby thermal waste heat is converted into valuable electrical
energy. Therefore, the conversion of heat flux into electrical
power or vice versa is utilized by a thermoelectric generator
(TEG) or thermoelectric cooler (TEC), where there is always a
coupling of the transport between electrons and phonons.
Maximum output power density (#,,.,) and heat to power
conversion efficiency (#,,.,) of TE devices are expressed as:
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Figure 1 (a) A typical thermoelectric device. (b) A TE n-type and p-type legs in the device design. Adapted with permission from Ref. [19], ©
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2017. (c) Initial stage of a thermoelectric device with no applied potential and temperature. (d) A TE
device with temperature gradient leading to current flow due to difference in electrochemical potential (g, = p. ). (e) Peltier device with charge current
driven by the applied potential. Adapted with permission from Ref. [116], © IOP Science 2018.
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fossil-fuel power stations [19], jet engines, portable camping
stoves, gas pipelines [24], etc. An estimated zT of at least 1.5 is

Max = M|~ (1) enough to promote significant power generation [25]. However,
JzT +1+ Tc till now, the most performing TE devices have an average zT
h of less than unity. This has limited TE devices to niche
T, T application areas, such as space probes because performance is
ne = T s (2) less important than reliability [19]. Yuan et al. [26] fabricated a
b TEG based on a p-type (BiosSbisTes) and n-type (BizTe2sSeo.)
(T, —T.) using a polyimide substrate. Then, 5 um thin waterproof
O = TPF ®) perylene thin film was used to encapsulate the device.

where T, T, zT , L, and PF are the cold end temperature, hot
end temperature, average materials figure of merit, length of the
device, and power factor, respectively.

It is evident from Eq. (3) that the PF value is significant in
power generation applications linked with the TE output power
density. Thermoelectric device efficiency is the ratio of the
electrical power generated and the rate of heat directed through
the thermoelectric module.

Again the efficiency of the cooling TE device is characterized
by the COP [21, 22].

Jitar -k
T T,
COP = =
T,—T, J1+7T+1

(4)

The #,,, and 7, relations show a function of zT, and average
temperature (T), which implies that a higher zT corresponds
to improved power generation and cooling. The TE
phenomena are highly realistic and reliable because of their
solid-state nature, which means no moving part is involved,
making the device friction-free, lightweight, quiet in operation,
and scalable. The thermoelectric device (TED) can be switched
from TEG to TEC by adjusting the direction of the current
flow. This is a boost for harnessing energy with minimal
emission of greenhouse gases. TED has vast areas of potential
applications [23], including human body heat harvesting [23],

A maximum power density and power of 3 pW-cm™ and
190 uW, respectively, was achieved at a temperature change of
14 K with a corresponding output voltage of 40 mV. Similarly,
Yuan et al. [27] deployed the same materials to fabricate a TEG
multi-sensory device to monitor the small changes in skin
humidity, temperature, and human activity. Measuring the
human wrist, an output voltage between 2.8 and 3.3 V was
achieved with a power density of 3.5 yW-cm™. Again, a chargeless
and stand-alone sensor was made of BixSeosTe27 and p-type
BiosSbisTes TEG by Kim et al. [28]. This device produced an
output voltage, power, and power density of 10 mV, 83 uW,
and 8.7 uW-cm?, respectively. For a TEG to be used as a battery,
an output voltage of 1.5 V is required. The generated voltage,
in this case, requires a voltage booster to produce a voltage up
to 3.7 V for the TEG to be used as a glucose sensor. A flexible
TEG device made from silicone rubber substrate using n-type
Bi;Tes and p-type BiosSbisTes materials was fabricated by Toan
et al. [29]. An output voltage of 1 V was realized at a temperature
difference of 333 K. its maximum power and power density
produced by this device under the same condition are 77.41 yW
and 552.9 uW-cm™, respectively. The device’s flexibility,
mechanical stability, and TE performance show the possibility
of its usage as an electrical power source for humidity temperature
monitoring devices. The device’s high performance can be
attributed to the high thermoelectric properties of the n-type
and p-type modules.

https://www.sciopen.com | https://mc03.manuscriptcentral.com/nre | Nano Research Energy



Eqations (1) to (4) show that for a given temperature
difference (AT), AT =T, —T,, the thermoelectric efficiency
is determined by the figure of merit of the device. However,
zT has two conflicting material properties. zT is directly
proportional to the electrical conductivity and inversely
proportional to the thermal conductivity. More so, several known
best electrical conductors, are also good thermal conductors.
Therefore, it is challenging to simultaneously increase electrical
conductivity and decrease thermal conductivity to satisfy the
2T enhancement relation, which is the main reason behind the
low efficiencies of thermoelectric generators and refrigerators.
Commercially available thermoelectric modules give an
efficiency of 0.1%-8% [30]. For instance, Bi»Te; with zT of 0.7
provides efficiency of 0.18%. This is calculated using Eq. (20).
The low efficiency emerges as a problem, especially during
low-temperature difference operation. Due to this low efficiency,
TE devices still require enhancement. Isovalent substitution is
a technique for enhancing electrical conductivity and Seebeck
coefficient with low thermal conductivity.

2.1 Landauer-Boltzmann approach to thermoelectric
properties

The Landauer-Boltzmann approximation is essential to determine
a thermoelectric device’s conductance, charge current, and
heat current. Figure 1(c) depicts a single thermoelectric leg
with two metal contacts and a channel. Each contact is defined
by a Fermi function and electrochemical potential f and y,
respectively, assuming a very small device. At equilibrium,
there is a common electrochemical potential (un = po), as
shown in Fig. 1(c). This implies that all energy states below
it are occupied, whereas all energy states above are empty.
This is the case at zero temperature. However, at non-zero
temperature, as shown in Fig. 1(d), the distribution of electrons
is described by the Fermi distribution function (fo) defined
in Eq. (5) [31], viz,

fo(E)=—r——1—
E-p
exp +1
{KBT }
where E is the electron energy level, y is the chemical
potential, K is the Boltzmann’s constant, and T the temperature.
This function is always zero and unity, far above and far below
the electrochemical potential, respectively. This brings about a
difference in the electrochemical potential, y, = p.. Transition,
therefore, occurs at the Fermi window of energy ranges of a
few orders of KsT. It could be deduced that, fo = 0 for E >> u
and for E << g, fo = 1. It is worth noting that, at non-zero
temperature, K, the transition of f, from 0-1 occurs over an
energy window of several KsT while at zero temperature, the
transition of fo from 0-1 occurs exactly at u . External potential
and temperature applied to a given material could alter the
distribution of charge carriers. This implies that the Fermi
distribution function is governed by temperature and the
chemical potential at a specific energy, E (Eq. 5). This difference
in the electrochemical potential leads to the current flow.
From Fig. 1(c), when the temperatures of the two contacts
are equal, Th = T, and no external potential is applied, the
electrochemical potential remain the same, and no charge is
transported from one terminal to the other; hence no current
is recorded (I = 0).
However, when a temperature gradient is created between
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the two contacts (Fig. 1(d)) or an external voltage is applied to
the terminals (Fig. 1(e)), there is a change in the electrochemical
potentials at the two terminals. This results in T, — T, =0,
pn — Ho = 0 and therefore creates a difference in the Fermi
function (f, = f.). Therefore, the difference in the Fermi
distribution function due to the difference in temperature or
the applied voltage leads to current flow through the device
around the electrochemical potential.

It is worth mentioning that only electrons with energies
greater than the chemical potential flow from the hot contact
to the cold contact, while charges with energies less than the
chemical potential are transported from the cold contact to
the hot contact. Although the movement of electrons (from
the hot end to the cold end) and holes (from the cold end to
the hot end) occurs, the net current is not zero.

Now, assuming an elastic resistor approximation for a small
device assuming that heating losses (I’R) occur only at the
terminals, then the total number of electrons in the channel
can be expressed by Eq. (6).

Total number of Number of

Time spent in
electrons = electrons X
the channel
in the channel travelling per second
(6)
Eq. (6) can be rewritten, as shown in Eq. (7).
Dxgxv I
AT = = (e 7
2 e % ( ) ()

where D is the density of state of electrons, e is the charge of
electrons, v is the electron drift velocity along the current
direction, I is an electric current, and ¢ is the time spent by
electrons in the channel [32].

From Eq. (7), the conductance (G) can be expressed as shown
in Eq. (8).

current

= f dE[ O ]G(E) (8)

where G(E) is the conductance function whose average occurs
at an energy range of ~2k,T around the electrochemical
potential and is expressed as [32]

Voltage

2t (E)

Then, the ballistic conductance (Gs) can be expressed as:

G(E) =

D(E) )

% *D(E)v(E
GuB) = [~ B g ()= 1 Tas)] (10)

where e is the electric charge, D(E) is the density of state,
v(E) is the electron drift along the direction of the current,
L is the length of the device, and f, (T, u,) — f.(T.,u.) is the
difference in the Fermi function near the electrochemical
potential [32].

Expanding Eq. (10) by assuming small-applied voltages,

fTo) = (o) =~ L | -n)

G- oo

where
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Similarly, the average velocity (V) of the charges multiplied by
the density of the state is directly proportional to the number
of channels (modes)

hD(E)V(E)

M(E) ==

(13)
where h is the Planck’s constant.
Using Eqgs. (12) and (13), Eq. (10) can be further expressed as:

+00
B = [ dEeZW[—g—JE[] (14)
where M(E) is the number of propagating modes in the
channel.

Similarly, for non-ballistic conduction, i.e., diffusive
conduction, Gp, where the length of the device is far greater
than the mean free path, (L >>> mfp), the conductance
becomes:

2

GD(E)*f,w hM(E)[ 8E]L+mfp (13)

where mfp is the mean free path of electrons. Here, the

mfp
L+ mfp

Now, considering a temperature-driven current (I.), which
is due to the thermoelectric effect, the general expression for
I., according to the Landauer-Boltzmann relation that considers
the effect of temperature, is

expression = T(E), where T(E) is the transmission.

_l +oo 7%
I *eﬁm dEG(E)[ aE] (16)

L= éfjdEG(E)(fh(E,#h,Tﬁ — f.(Bu,T)  (17)

This can be expanded to the form of

1 oo
I = zf G(E)(f,(Es iy, Ty)) — fo(Espts T)
o (18)
:G[—‘uh B ‘uc]‘f’Gs(Th 7Tc)
Or,
I. = GAV 4+ GAT (19)

here, G is the voltage-driven current contribution to the
Seebeck coefficient, and Gs is the temperature-driven current
contribution to the Seebeck coefficient such that

— (a5~ EH
G, _fm dE[ aE]G(E) i (20)
Eq. (19) is rearranged as:
av=2Lr_Gar 1)
G G

For the experimental perspective, the first term on the right
1

turns to zero (I =0) where rel is a constant for open circuit

measurement. In this case, the Seebeck coefficient becomes

(_%)) which is mainly symbolised as “S” or “a” and therefore

found to be E—p .

From Eq. (20), it is mathematically explained that Gs is
negative for all conductions with energy less than the
electrochemical potential and positive when energy is greater
than the electrochemical potential. This respectively makes
the Seebeck coefficient “~” or “+” for an n-type and p-type
semiconductor.

In the Peltier effect shown in Fig. 1(e), the current is made
to pass through the thermoelectric device. The applied
potential difference leads to a temperature gradient at the two
contacts. The application of the positive potential to contact 2,
as shown in Fig. 1(e), causes a drop in the chemical potential,
i.e., g, > p. and this leads to electrons flowing from contact 1
to contact 2. On the other hand, electrons from contact 1 absorb
the energy of Q,..., = ¢, — E . For these electrons to reach
contact 2, it loses the energy Q,, = E — .. This process
leaves contact 1 to cool down while contact 2 heats up. This
process continues until an equilibrium is reached where no
electron is transported to either side and Tu < T.. This is the
cooling effect described by Peltier. Within the framework of
the thermoelectric material as an elastic resistor, Q.. —
Qi > He — ty - This implies that the applied power is greater
than the generated power. Therefore, the thermoelectric
material is an inelastic resistor and therefore dissipates heat
within the individual legs. However, for ease in understanding
and simplicity in the model, the inelastic TE material can be
understood as several elastic resistors put in series. This will,
therefore, compose of elastic portions and heat exchanging
contacts within the TE material. In such a case, the heat
current () is also generated from Eq. (13) as:

o= [ ABG(E) A (B )~ (BT ) (22

Also, after linearization of the general form of the heat
current,

I, = 7l + (Constant)AT (23)

where I is the regular current, and 7 is the Peltier coefficient.
The Peltier coefficient is related to the Seebeck coefficient as

m =TS, which is E-y by comparing Egs. (17) and (22).
e

2.2 Derivation of the thermoelectric transport properties

For determining the electrical conductivity, Seebeck coefficient,
carrier concentration, and electronic thermal conductivity of
a thermoelectric material, more conveniently, the steady-state
solution to the Boltzmann transport equation [24, 25] is used.
This is related to Eq. (24) [20, 26], viz

fffosz%[—E;‘uvxT+es] (24)

where v is the velocity vector, 7 is the relaxation time of
electrons, f, is the electron distribution at equilibrium, e is
the electrical charge, € is the electric field intensity, y is the
electrochemical potential, E is the electron energy, and T is the
temperature.

2.2.1 Hall carrier concentration, mobility and the effective mass
of TE materials
To ensure a higher Seebeck coefficient, there must be a single

type of conduction carrier. Thus, the presence of different
charge carriers (n-type and p-type) results in the cancellation

https://www.sciopen.com | https://mc03.manuscriptcentral.com/nre | Nano Research Energy



of the induced Seebeck voltage. This is because both carriers
get transported to the cold end of the materials when the
material is subjected to a temperature gradient. The carrier
concentration (#n) can be extracted from:

E)= [ dEg(E)f(E) (25)

where g(E) is the density of state (DOS), which describes the
states available for electrons at energy level E [31], and fo (E)
is the Fermi function defining the distribution of free charge
carriers.

Similarly, the drift mobility for free charge carriers is given by

1
Hariee = _pne (26)
where n is the carrier concentration, e is the electronic charge,
and p is the electrical resistivity.

2.2.2  Electrical conductivity

In thermoelectricity, consideration is given to the flow of
charge current as well as the heat current. The charge current
flow (J.) is the transportation of free charge carriers from the
hot to the cold end or vice versa, whereas the heat current
(Ay.) is the heat conduction by the charge carriers. These two
transport properties are expressed mathematically as:

J.. =nev 27)
Using Eq. (26), Eq. (27) could be modified as

]CCEnev:eﬁlwdEg(E)[f(E)—fO(E)]v(E) (28)

where v(E) is the velocity of carriers, and e is the electron
charge.
Similarly, the A, is expressed as [36]

(29)
— fo(E)]v(E)(E—w)

From this, the electrical conductivity without temperature
gradient using Ohm’s law is deduced as
J

o==
€

(30)

V,T=0

where ¢ denotes the electric field intensity [37].
So, using Eq. (28) and Eq. (30)

7] _E +00 B
a:zmzo_&[m dEg(E)[f(E)— f,(E)W(E) (D)
_e[ E—p s
o=-J . dEU(E)UT[ T AXT—i—es]g( )[ aE] (32)

Therefore, the electrical conductivity becomes:
o=¢ [ B (E)g(B) [ f()] (33)

2.2.3  Seebeck coefficient

To determine the Seebeck coefficient of thermoelectric materials,
we recall the solution to the steady-state Boltzmann transport
equation.

Based on the derivation of Eq. (29), the Seebeck coefficient

(& ##% 4w | Sci@pen
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could be expressed by considering both the electric field and
temperature contribution. Finally, the equation is solved by
setting ] =0.

J= f evtdEg(E) [ 9%, ][es—i——#v T]v =0 (34)

From Eq. (34), expanding and rearranging, one can estimate the
electric field as

v.T f v‘rdEg(E)v(E)[afo][ T]
e=— (35)

efi+ edeEg(E)v(E)[a'fO]

Having obtained the electric field expression and using the
relation [20, 28]

&

S =
V.T|_,

(36)

The Seebeck coefficient is expressed by substituting Eq. (35)
into Eq. (36)

1 OE

f dEUZ(E)TEg(E)[afO]
=—|u-
R I B 00 g(E)[%]

(37)

2.2.4  Electronic thermal conductivity

The electronic thermal conductivity is derived by expanding
Eq. (29)

= [ 4By (E) £ (E)~ fi(E)W(E)E

(38)
—ug(E)[ f(E)— fy(E)]v(E)
:fdeg(E)[f(E)*fo(E)]V(E)E
et (39)
—u [ ABR(B) f(E)~ f,(E)]v(E)
The second term (2™ term) of Eq. (39) can be expressed as;
:fdeg(E)[f(E)ffO(E)]v(E)E
n (40)

B[ _
Ce [ dEg(E)f(E)~ fy(E)v(E)

but

K(E)V(E)=] (41)

e[ drg(E) f(E)-

Therefore, Eq. (41) becomes

A= [ aB(E)F(E)- f(E)W(E)E-E] @)

Using «,J =0, Eq. (42) becomes,

A= [aEg(E

Similarly,

E)- f,(E)|v(E)E (43)

K,=——= (44)
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Using Eqgs. (43) and (44) leads to

v=—g7 ) BB (E)S(E)- f(E)(E)  @9)

—%TdEvzrg(E)[%](Eﬂ) (46)

_VesT deVZTg(E)[—%] (47)

Therefore, substituting Eq. (35) into Eq. (47)

K. :——f dEv TEZg(E)[ ff’]

(f dEVTEg(E)( fO))
f dEvrg(E)( f“)

Hence, the lattice thermal conductivity is obtained by subtracting
the electronic thermal conductivity from the measured total
thermal conductivity.

Equations (25), (33) and (37) represent the obtained
expression for the electron density, electrical conductivity,
and the Seebeck coefficient of thermoelectric materials,
respectively. Based on the derived thermoelectric parameters
from the Landauer-Boltzmann approach, we substantiated that
electrical conductivity (o), Seebeck coefficient (S) and the
thermal conductivity show reliance on the charge carrier
concentration (n). This brings about the interdependency of
the electrical conductivity and the Seebeck coefficient on the
electron density. In this regard, the increase in the charge
carrier density leads to an increase in both electrical and
thermal conductivity while reducing the Seebeck coefficient.
This is not wanted when a power factor ($’¢) enhancement is
required. In this case, isovalent substitution controls the carrier
density while improving carrier mobility. The improvement
offered in the mobility through the isovalent substitution
enhances the electrical properties without compromising the
Seebeck coefficient.

(48)

3 The advancement of M,C; (M = Bi, Sb and
C =S8, Se, Te) materials in TE application

MC thermoelectric materials have attracted immersed
attention, predominately with metals from bismuth (Bi) and
antimony (Sb) and chalcogenides from sulfur (S), selenium
(Se) and tellurium (Te) and have been applied in room
temperature thermoelectric applications [38]. Several of these
materials are found to possess the same rhombohedral crystal
structures with a space group of R3m. Figures 2(a)-2(c)
depicts the crystal structures of Bi;Tes, Bi.Ses, and Bi.Ss and
Table 1 depicts the lattice parameters and the energy gap for
all the discussed materials. Bi;Tes type TE materials are known
to crystallise into complex layered structures consisting of
heavy atoms with a narrow energy band structure. This is
responsible for the higher electrical conductivity and hence the
high-power factor. The improved performance of the Bi,Tes
based materials has led to its commercialisation. Despite the
great achievement in Bi.Tes over its counterparts resulting in

¥ v _(ﬂH ©)] 4 °
. oo

[F] [E] e
o o Te

a.j;b Se

e -

Figure 2 The crystal structure of (a) Bi2Tes (b) Bi>Ses and (c) BiSs. Adapted
with permission from Ref. [8], © Wiley-VCH GmbH, 2016.

Table1 Physical properties of M2Cs (M = Sb, Bi and C = S, Se, Te)
thermoelectric materials [39-41]
Sb,Tes BixSs BixSes Bi;Tes
Structure type  Hexagonal Orthorhombic Hexagonal Hexagonal
a(A) 426 1.1130 4.14 438
b (A) 426 1.1250 4.14 438
c (A) 30.45 0.3971 28.64 30.48
Band energy (eV) 0.22 1.3 0.3 0.15

a zT ~1, more is expected from researchers to further improve
this performance.

Moreover, MC structures easily allow for dopants, which
leads to the formation of either p-type or n-type semiconductors.
This plays a significant role in improving the performance of
the TE device. For instance, PbTe/PbSeosTeor: quantum-dot
superlattice, grown by molecular beam epitaxy, showed a zT of
3.6 at 580 K [42]. Similarly, a zT of 2.6 was demonstrated in
SnSe at 923 K for a single crystal [43], and sodium (Na) doped
full-scale-structured of PbTe exhibited a maximum zT of 2.2 at
915 K [44].

Numerous researchers have investigated several materials
and synthesis routes with an increasing desire to realise a
better performing thermoelectric device [45, 46]. Crystallite
size and material purity are factors dictated by the synthesis
method and similarly affect the transport properties of a given
material. Higher purity and smaller crystallite sizes enhance
the transport properties. Several MCs have been synthesised
through solvothermal/hydrothermal means [47-53], microwave-
assisted synthesis [54, 55], sonochemical method [56-60],
ball milling [61-63], arc melting method [64], and solid-state
reactions [65-67]. Although the various synthesis methods
have a unique influence on the microstructural properties and
the overall performance of the underlying material, a detailed
analysis of each synthesis approach on the TE performance
is not captured in this review. Isovalent substitution offers
a practical approach to reduce the influence of synthesis
procedure while enabling the simultaneous enhancement in
the Seebeck coefficient and electrical conductivity. These
materials will play a significant role in the rejuvenation of
TE devices in the commercial market.

3.1 Isovalent substitution effect in MCs and its
thermoelectric properties

An isovalent substitution refers to the mechanism of substituting
a host atom with an impurity atom when the impurity atom
possesses the same valence number as that of the host atom.
In this doping system, a neutral ion is formed and contributes

https://www.sciopen.com | https://mc03.manuscriptcentral.com/nre | Nano Research Energy



to the rearrangement of the innermost (core) energy levels
situated deep in the valence band of the host atom. This idea is
crucial as it is associated with the redistribution of electrons
within the host atoms, consequently altering the position of
the electrochemical potential and the conduction electron
density.

Isovalent substitution has opened a new doping approach
with numerous fundamental advantages compared with the
conventional method of introducing an impurity atom to the
host. In the conventional doping system, an impurity atom is
deliberately introduced into the host, which leads to the
formation of an acceptor or donor level in the atom, thereby
increasing the charge carrier density (electrons or holes). This
leaves the impurity atom ionised. The ionised atom contributes
to the scattering effect of the conduction electrons and hence
lowers the electron mobility [68]. The isovalent dopant possesses
the same number of valence electrons as the host. The transfer
of charges to the host atom leaves the impurity atom with
a neutral charge. This results in the minimal scattering of
conduction electrons. Furthermore, isovalent substitution creates
resonant states in the host material. Hoang et al. [69] reported
two defect states, i.e., deep defect (DD) state and hyper deep
defect (HDD) states, in PbTe due to the isovalent doping of
In, Ga, and TI, leading to the non-rigid band approximation.
The hyper deep defect states are situated ~5 eV below the
valence band of the Fermi level and represent the bonding
state analogous to that of molecular states. Nevertheless,
increasing the impurity concentration creates a strong interaction
between HDD and deep defect states. The DD state serves the
purpose of resonant states and helps to maximise the Seebeck
coefficient through the density of state distortion in PbTe
without appreciably affecting the carrier concentration 70, 71].
The density of state (DOS) increment due to the impurity atom
results in the Seebeck coefficient enhancement independent
of temperature [72].

In the theoretical work of Heremans et al. [73], they
demonstrated a similar effect as indium (In) was doped in
place of bismuth, which is mostly trivalent). Figures 3(a)-3(d)
represent the evolution of the density of states for the In
substitution. Their ab initio electronic structure calculations
revealed the HDD states, which are present below the valence
band (far from the Fermi level) and seemingly, forms localised
states. This state strongly influences the electronic transport
properties of the system. Figures 3(e)-3(h) reveal the vital
feature of the resonant-like sharp peak found in the DOS at
approximately -5 eV situated just below the valence band [73].

Walukiewicz et al. [74] presented experimental work on the
anti-crossing interaction, which persists between the localised
states of the isovalent impurity and the extended state of the
semiconductor matrix for both ZnTe,.S: and ZnTe,.Sex. This
predicts the electronic properties of the alloy. The mechanism
of introducing a highly electronegative atom from the
chalcogenides group into a metallic compound is to create a
low-lying level located close to the conduction band edges.
This promotes the interaction of both the localised and the
extended levels leading to improvement in the electronic
characteristic of the alloy. To summarize, the system of isovalent
substitution is an effective doping technique to enhance the
thermoelectric material performance through the formation
of defects states, which serve as resonant levels via the density
of state distortion. More so, unlike the conventional doping
system, isovalent doping reveals a departure from the rigid
band approximation, which is salient in improving the electron
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Figure 3 The DOS evolution for Bii-JIn. obtained from the KKR-CPA
calculation. The Bi and In individual atomic contributions are related.
(a) x = 0.1% (b) x = 0.5% (c) x = 1% (d) x = 2%. (e)-(g) DOS from
FP-LAPW supercell calculated result obtained for BiogsInoa. (h) KKR-CPA
result. The overall DOS in (a)-(c) is averaged over the number of atoms
in the supercell (96) for easy comparison with the DOS (h) The DOS of
the impurity atom. Adapted with permission from Ref. [73], © The Royal
Society of Chemistry 2015.

density of the state and eventually enhances the Seebeck
coefficient. The Seebeck coeffient is a function of the density
of state (Eq. (37)) and therefore increase in the density of state
effective mass, increases the Seebeck coefficient.

3.2 A recent development on the isovalent substitution
effect in MCs TE performance

Over the past few decades, several techniques for enhancing
TE materials have emerged. Some techniques that aim to
enhance the power factor are resonant state doping [71], band
convergence [75], quantum confinement [76], minority carrier
blocking [77], while others focus on reducing the total thermal
conductivity using nanostructuring [78-80], hierarchical
architecture [81-83]. Researchers have employed the above
techniques to improve the TE properties of all kinds of materials,
including MCs [84-86], skutterudites [87-90], half Heusler
[91-93], silicide [94, 95] and oxides [96-99]. Focusing on
enhancing TE performance in MCs using isovalent substitution,
it will be shown below how it has revolutionised the
thermoelectricity sector.

In a recent work [100], the influence of isovalent substitution
of Bi with cerium (Ce) for simultaneous improvement in the
Seebeck coefficient, electrical conductivity and power factor
in an n-type CeBi,«Ses (x = 0, 0.15, 0.3, 0.4) thermoelectric
material was studied. It was shown that the substitution of
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the same valent (Ce) for Bi (host) leaves the atomic structure
neutral, which eradicates ionised impurity scattering and
hence contribute less to conduction electron scattering near
the Fermi energy. This idea was substantiated by the enhanced
mobility and controlled carrier concentration with reduced
doping in the experimental data. This led to an improved
effective mass (m*) which is crucial for an enhanced Seebeck
coefficient.

Rare earth elements form intermetallic compounds with
their 4f energy levels positioned near the Fermi level and hence
forms a narrow-parabolic band leading to an improved density
of state at Fermi level with improved Seebeck values [4].
Therefore, it is not surprising that the m* of the Ce-doped
samples is higher than the undoped sample.

To explore the impact of the isovalent substitution of Ce for
Bi atoms in Bi,Se; topological insulator, a density functional
theory (DFT) study of the density of states of isovalently
doped materials was carried out (Fig. 4) [100]. It is evident
from Figs. 4(e)-4(h) that the gradual shift of the Fermi level
from the valence band with increasing Ce substitution is
attributed to the increase in the effective mass of carriers.
Similarly, the doping-induced increase in the band energy with
increasing Ce concentration coupled with the hybridisation
of Bi-Se orbitals for the intrinsic and doped materials near the
Fermi level accounted for the enhanced m* with Ce-doping.

DFT calculation also showed broadening and a downward
shift of the valence band with Ce substitution. This was shown
in all the compositions with x < 0.4, enabling simultaneous
improvement in S and o, along with the entire temperature
range (Figs. 5(a) and 5(b)), resulting in an improved power
factor (Fig. 5(c)) as evident from Egs. (33) and (37). However,

2 2 2 2

Energy (eV)
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Figure 4 The band structures of (a) BizSes, (b) Ceo1sBiissSes, (c) CeosBirsSes
(d) CeosBiieSes elucidating a downward shift of the valence band and
the calculated total density of state (TDOS ) of (e) BixSes, (f) Ceo1sBi1ssSes,
(8) CeosBiisSes, (h) CeosBiisSes. Adapted with permission from Ref. [100],
© American Chemical Society 2019.
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Society 2019.

for x = 0.4, the intrinsic excitation occurred at 353 K, which
led to a decline in the Seebeck coefficient. This was accompanied
by low thermal conductivity with increasing Ce substitution
(Fig. 5(d)), leading to a maximum power factor and zT of
278 uW-m™.K™" and 0.24, respectively at 473 K for the
Ceo4Bi16Ses sample (Fig. 5(d) and 5(e)). We proposed to use
a larger atomic size rare earth metal erbium (Er) in Bi:Se; to
further elucidate the impact of size (rare earth metal) on the
simultaneous enhancement of the electrical conductivity and
Seebeck coefficient (Fig. 6). Although the influence of dopants
with a larger atomic size is seen as causing a faster rate of
deterioration of the electron mobility of the final Bi,.Er.Se;
composition, the simultaneous enhancement of the Seebeck
coefficient and electrical conductivity was restored. It is also
explained from the Hume Rothery (H-R) relation that atomic
mismatch in a solid solution influences the lattice distortion.
The mismatch is due to the larger value of the atomic factor
(exceeding 15%) [101]. The calculated atomic mismatch in
the Bi>-.Er.Se; was ~ 50%. This lattice distortion for the Er
substitution was responsible for the massive reduction in
electron mobility [102]. It is worth noting that, besides the
contribution from the atomic mismatch and the scattering
effect on electron mobility, chemical bond type (ionic or
covalent) also significantly influences electron mobility [5].
Covalent bonds are more favourable for the transport of carriers
(higher covalent bonds increase the mobility of carriers)
compared to ionic bonds [103]. Thus, the ionic bond component
of any A-B type bond is calculated by using the Pauli empirical
formula Eq. (49).

https://www.sciopen.com | https://mc03.manuscriptcentral.com/nre | Nano Research Energy
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Here, Xa and Xs are the electronegativities of A and B,
respectively. Therefore, using the electronegativities of Er
(1.24) and Bi (2.02), the estimated ionic bond component of
the Bi-Se (6.85%) is found to be lower than that for the Er-Se
(34.9%), so the electron mobility of pure Bi-Se appeared to be

12 5 _
e o 1%
110 / 100X 14 £
z 5 21z
=] P _.-0 - —
2 L S {8 w
g 8 e 90 £ | ¢

(o Pl 1
S o \ 8 {28
© K o
| = 6 . [&] o
8 o ) -80 2 ]
9] - 211 E
3 A A ] 5
o 4 K, =
L do o
b
,\0.50-( ) 180
= Q
N <
= \ _--B 460 €
[} - @
E _.0----0 o §
S o -2 140 3
© 0.25- - =
= o----07 {20 =
i - \ m
o . . 10
400 600 800 1,000

Sulfur concentration Ny (ppm)

10 ‘ Nano Research Energy 2022, 1: €9120034

higher than that of doped Er-Se (Bi».Er.Ses) samples. It is
evident that a lower degree of covalent bonding in the Er-Se
containing samples leads to low electron mobility.

Despite the deterioration of the carrier mobility with doping,
the simultaneous enhancement of the Seebeck coefficient and
electrical conductivity was sustained due to an optimised
carrier density which compensated for the low carrier mobility
[102]. Low thermal conductivity of 0.41 W-m™-K™" was obtained
for Biiss Ero1sSes at 473 K.

An experimental study of sulfur-substituted Bio4sCuo.01SbisTes
materials was carried out by Lee et al. [104] to improve
TE performance. The isovalent substitution of S in the
Bio.4sCuo.01SbisTes structures simultaneously improves the
weighted mobility of the valence band and the density of state
effective mass via the control of phonon and carrier interactions.
This activates the transport of holes in the BiossCuooiSbisTes
material. Consequently, the power factor is enhanced with
S-doping within the entire temperature range. Similarly, the
total thermal conductivity is substantially suppressed at higher
temperatures due to the activation of the p-type conduction
mechanism. It is important to mention that the S doping was
optimised for a doping concentration of less than 1 at.%.
Therefore, the synergetic effect of the high-power factor and
low thermal conductivity resulted in a high thermoelectric
figure of merit (zT = 1.0 for 300 K < T < 520 K), as shown in
Eq. (3).

Vaney et al. [105] investigated tellurium substitution with
Se on the electronic band structure and the TE properties of
As;Tes .Sex. They found that the lower substitution amount did
not significantly alter the density of state and the energy gap at
the Fermi level. As Se substitution increased, there was an
increase in electrical conductivity and Seebeck coefficient coupled
with reduced thermal conductivity. Similarly, Devender et al.
[106] reported an unusual increase in electrical conductivity
with an increasing Seebeck coefficient by S doping in the
Bi,TesSe topological insulator. The results are presented in
Fig. 7. In the pristine Bi.Te:Se, a Seebeck coefficient of S <
-30 uV-K™" was found. However, at maximum S concentration
of 2 at.% doping revealed an enhanced Seebeck coefficient to
-130 pV-K™, accompanied by the highest electrical conductivity

Figure 7 A room temperature (a) electrical conductivity (circles), Seebeck coefficient (square) and thermal properties ( x, -k, ) of a nanostructured
Bi;Te;Se thermoelectric pellet, and (b) represents zT and zT improvement dependent on S concentration, Ns. Adapted with permission from Ref. [106],
© WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2016. (c) Comparison of the TE performance of pristine MC and isovalently doped MC material.
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at 1,200 S-cm™. This could only be explained by the extreme
sensitivity of the inverted band structure in BiTe:Se, leading
to a small spin-orbit coupling [107] caused by S doping.
The doping of lighter chalcogenides (S) compared to Se and
Te reduces the spin-orbit coupling [108-110]. In the work of
Devender et al., electron mobility decreased with increasing
temperature and S doping concentration. This observation is
because of extrinsic scattering by local and extended defects in
the metal-like conduction behaviour of the Bi,Te;Se [7].

In our recent studies [111], a modified Wang et al. synthesis
method [111] is adopted to investigate indium (In) and
antimony’s (Sb) dual isovalent substitution effect on bismuth
telluride thermoelectric materials. Figures 8(a)-8(f) represents
the measured TE properties compared with pristine Bi;Tes. It
was evident from the DFT calculation that the dual doping of
In and Sb introduces defect states near the Fermi level, which
influences the electronic and thermal properties of the system
via density of state optimization and phonon-induced scattering,
respectively. A noticeable degradation of the carrier mobility
accompanied by mild improvement in carrier density was
observed, attributed to the structural complexity-induced
lattice distortion, which offers opposition to both phonon
and electron transport. The consequence of this is improved
electron and phonon scattering, leading to ultralow total
thermal conductivity (Fig. 8(d)). A maximum zT of 0.54 at 423 K
(Fig. 8(e)) was obtained for 0.1 at.% doping (x = 0.1) (Fig. 8(f)),
which is evident that the improved total thermal conductivity
reduction compensated for the low electronic properties
improves the overall TE performance. This study proved the
tenability of the thermoelectric performance of Bi.Te; based
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Figure 8 Temperature dependence of the (a) electrical conductivity,
(b) Seebeck coefficient, (c) calculated power factor, (d) the total thermal,
(e) the TE figure of merit dependence on temperature, (f) the maximum
2T dependence on doping content at 423 K for all the BIST samples
(where BT = Bi,Tes, and BIST = Bi, XInXsz%Tq ; x=0.05,0.1,0.2 and 0.3).
Adapted with permission from Ref. [111], © Wiley-VCH GmbH 2021.

thermoelectric material through isovalent substitution of In
and Sb.

In 2017, Liu et al. [112] utilized a modified solution method
[106] in the synthesis of Bi;Tes.Sex (x = 0, 0.3, 0.43, 0.75 and
1.5) nanowire with tunable chemical compositions. Their work
revealed that isovalent substitution of Te by Se (a comparatively
smaller element) lowers the electrical conductivity while
simultaneously improving the Seebeck coefficient and power
factor. The best performing composition was Bi;Te;7Seos
with room temperature carrier density and mobility of 4.37 x
10” ¢cm™ and 60.22 cm>V™".S7, respectively. This is because
when the dopant (Se) with x < 1.5-mole percent was added,
the overall carrier density decreased from 10%° cm™ in pristine
to 10" cm™ in Bi,Tes .Sex. Accordingly, the resulting thermal
conductivity was lowered due to increased phonon scattering
via the involvement of boundary induced scattering and dopant
site scattering effect. These enhanced properties were essential
for reaching the highest power factor of 1.27 mW-m™"K™" at
300 K. This study proved the tenability of the thermoelectric
performance of Bi,Tes; based thermoelectric material through
isovalent substitution of Se at the Te site, as was also reported
by Soni et al. [113].

By and large, vacancies and ionised anti-sites exist in Bi.Tes
as donors and acceptors, respectively. However, it is crucial
to understand that the formation of anti-site defects is more
favourable than that of vacancies due to their respective
formation energies ~ 0.4 and ~ 1 eV, respectively [61, 114, 115].
For an n-type Bi;Te; semiconductor, every Te vacancy (Vr)
produces a pair of electrons whereby an anti-site defect Tes
is formed through the reaction, Te, + V; +3h" — Te, +
V.. + 3¢’ in a Te-rich environment. Table 2 shows the covalent
radius, the electronegativity, and the evaporation energy of
Bi, Sb, Te, and Se. This illustrates that an increase in anionic
vacancies with decreased antisite defects arises from an increase
in Se content in Bi,Tes-.Ses; however, increasing Bi content in
Bi.Sb, . Tes could lead to suppression of antisite defects with
no noticeable effect on the anionic vacancies [35].

That notwithstanding, through isovalent doping with Se in
the Bi,Tes system, the Se atoms substitute the Te? atoms followed
by Te' atoms [117, 118], where the superscripts denote two
different forms of bonding for the Te atom. This leads to a
decrease in electrical conductivity due to reduced carrier
density. This is so because the occupation of Vr. by Se atoms
compensates for the free electrons [119] and therefore results
in increased carrier mobility, attributed to reduced carrier
density [120]. More so, a higher Se doping (x > 1) in the case
of Liu et al. [121], lead to reduced electrical conductivity
because of the deterioration of the carrier mobility (Eq. (6))
caused by electron-phonon scattering. This is also because the
substitution of Se atoms at the Bi site in Bi;Tes;_.Se, improves
the total carrier density without compromising the electron
mobility reduction. It was observed that Se doping leads to a
decrease in the total thermal properties due to increased defect
density. However, along the same path, Gharsalla et al. [64]

Table 2 Covalent radius, Electronegativity and evaporation energy for
Bi, Sb, Se, and Te [116]

Bi Sb Te Se
Covalent radius 208.98 121.75 127.6 78.96
Electronegativity 2.02 2.05 2.1 2.55
Evaporation energy 104.8 77.14 52.55 37.70

(KJ-mol™)
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reported the formation of donor states in the bandgap due
to the partial substitution of Te by Se. This new state alters
the electrical conductivity as well as the Seebeck coefficient.
The Seebeck coefficient was found to increase to —140 pV-K'
at 400 K upon Se doping, while the thermal conductivity was
below 0.8 W-m™"-K™' at room temperature.

Srinivasan et al. [122] in 2010, Yan et al. [123] in 2010,
Kim et al. [124] in 2011, Carlton et al. [125] in 2012 and Hu
et al. [126] in 2014 all reported enhancing the thermoelectric
properties due to Se substitution in n-type BiTe,;Seos. Keawparak
et al. [127], in 2011, prepared the same alloy (Bi:Tes .Sex) by
the Bridgman method and obtained a p-type conduction
type for all the Se concentrations. The Seebeck coefficient was
almost independent of the Se amount, while the electrical
conductivity decreased with Se impurity content. However,
the total thermal conductivity decreased with Se substitution
due to reduced electronic and lattice conductivities. The
materials with the highest performance was found for x = 0.36
(BizTez4Seoss) at room temperature, where o = 5,500 S-cm™,
§ =220 uV-K', k = 0.7 Wm™"K" and zT = 1.2. Through
the microwave synthesis method, Nozariasbmarz et al. [128]
reported enhanced TE properties of BirTessSeos and glass
nanocomposite materials. Seebeck coefficient of -297 pV-K™
and ultralow thermal conductivity of 0.6 W-m™-K™' was obtained
at 300 K. A peak zT of 0.87 was obtained for the optimized
material. This proves to be a reliable approach to enhancing
the TE properties of different materials.

Elsewhere, Lu et al. [129] reported the role of isovalent
substitution for thermoelectric properties enhancement. Their
work focused on the substitution of Se for S in Cu1SbaSi5-.Sex.
It showed a drastic increase in electrical conductivity with an
almost constant Seebeck coefficient for several concentrations
of Se substitution. Unlike traditional doping [130-133], where
the electrical conductivity enhancement is brought forth by an
increase in (positive or negative) charge carrier concentration
due to increased Fermi energy of electrons, the improvement
offered by the isovalent substitution of Se for S resulted from
an upward displacement of the valence band constituting low
effective mass. Therefore, an unchanged Seebeck coefficient
(Fig. 9) is achieved due to the similar density of state effective
mass of the displaced valence band compared to the already
existing conduction band.

This work is an essential support for demonstrating
decoupling the interdependency of electrical conductivity
and the Seebeck coefficient [6, 134]. The limitation on the
simultaneous improvement in the electrical conductivity
and the Seebeck is given by the Pisarenko relation [135-138],
which is a function of carrier concentration. A power factor
of 4.6 pW-cm ™K™' was achieved for x = 1 substitution compared
to 2.96 pW-cm™-K™ for the undoped case calculated at room
temperature. This represents approximately 60% enhancement
on the power factor. An isovalent substitution stabilises or
improves the Seebeck coefficient [129, 132] while increasing
the electrical conductivity through enhancement of carrier
mobility rather than the contribution from carrier concentration
(Eq. (27)) [129].

Similarly, Heinrich et al. [139], in 2014, focused on the
effect of the isovalent substitution of S for Se on the thermal
transport properties. The room temperature thermal conductivity
of CuzZnGeSes Sy showed a 42% reduction of lattice thermal
conductivity, which increased zT. This effect is also supported
by Chmielowski et al. [140] for Se substituting S in CoSbS:-.Sex,
which shows a 50% reduction in thermal conductivity.
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Tables 3 and 4 represent the undoped and isovalent substituted
MC TE materials, respectively. The latter showed an improved
TE property compared to the former. A graphical data for
the two sets of materials (pristine MC and MC with isovalent
doping) are depicted in Fig. 9(c).
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Figure 9 Temperature dependence (a) electrical resistivity, (b) Seebeck
coefficients, (c) thermoelectric power factor, (d) thermal conductivity and
(e) zT of Cu12SbaSi3-xSe. thermoelectric solid solution for (x = 0, 0.5, 1 and 2).
Adapted with permission from Refs. [129], © The Royal Society of
Chemistry 2016.

Table 3 Undoped MCs thermoelectric materials with their respective
figure of merit (zT)

TE Temperature, Power factor,

materials T T (K) PF (mW-mK~?) References
PbSe 0.3 300 1.3 [141]
PbSe 0.49 500 1.4 [142]
BixSs 0.5 723 0.45 [143]
BisTes 0.83 300 2.1 [144]
Bi;Tes 0.95 325 33 [145]
Bi,Tes 0.4 300 2 [146]
SnTe 0.8 850 2 [147]
PbS 0.3 725 0.5 [148]
CusSe 0.5 373 0.9 [149]
Cui80S 0.11 350 0.4 [150]
BizSes 0.41 525 0.6 [151]
BixSes 0.38 550 0.6 [152]
SnSe 05 650 0.4 [43]
SnS 0.16 823 0.15 [153]
InsSes 0.59 700 0.4 [154]
TiS; 0.2 300 0.45 [155]
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Table4 Improvement in MC TE materials obtained through isovalent

substitution
TE materials Material ~ Temperature, Figure of References
type T (K) merit, zT
Bi,Te»7Seos n-type 300 0.54 [113]
Bi,Te27Seos n-type 300 1.0 [125]
Bi:TezSe0s n- type 398 0.8 [156]
Bi2TeSeos n-type 300 0.93 [122]
BixTe27Seos n-type 398 1.04 [123]
Bi.Te,Ses, n-type 373 0.7 [124]
BixTe27Seos n-type 425 1.11 [157]
AgPbisSbTeisSe:  n-type 523 0.82 [158]
Pby.6Sbo2TesSe; n-type 650 1.2 [159]
Bi,Te27Seos n-type 480 1.2 [160]
(PbTeo.93S€0.07)0.93 n-type 700 1.52 [161]
(PbS)o.07
SnTe;-.Sex n-type 860 0.8 [162]
PbTeossSeo.15 p-type 850 1.8 [75]
Bi,Te23Se07 n-type 445 1.2 [126]
Bi,Tez79Se0.21 n-type 300 1.14 [163]
Bi,Te:Se: n-type 513 1.0 [164]
BisTez74Se036 p-type 300 1.2 [127]
Bi,TesS n-type 300 0.8 [156]
BixSeS: n-type 500 0.8 [156]
Bi,Te23S€03S0.4 n-type 473 0.7 [156]
BiosSby.4Tes p-type 300 0.98 [165]
Bio.4Sb1.4Tes p-type 373 1.4 [166]
BiosSbisTes P-type 300 1.3 [167]
BiosSbusTes p-type 320 1.86 [168]
Bio52Sb1.asTes p-type 300 1.52 [84]
BiosSbusTes p-type 373 1.75 [169]
BiosSbisTes p-type 323 1.71 [170]
BiosSbusTes p-type 323 1.56 [171]
Bio.4sSb1.52Tes p-type 350 1.1 [172]
Ceo.1BiisTes p-type 386 1.22 [173]
BiosSbi.sTes p-type 300 1.42 [174]
BiosSbieTes p-type 400 1.36 [175]

Our most recent article has investigated the isovalent
co-doping of In and Sb in Bi,Se; TE materials via experimental
and DFT studies [176]. The experimental results show that
simultaneous enhancement of the electrical conductivity and
Seebeck coefficient is possible for In and Sb co-doping leading
to a boost in the PF, as shown in Fig. 10. Similarly, the lattice
distortion induced by this doping approach paired with the
small crystallite size caused by the ionic radii difference of the
host and the dopants improves the pining of the lattice vibration,
thus reducing the total thermal conductivity. The measurable
deterioration in the thermal conductivity instigated by the In
and Sb doping coupled with the improvement in the power
factor is essential for TE performance. Thus, an optimum TE
performance (zTmax = 0.47 at 473 K) was obtained for a doping
concentration of 0.1 at.% representing one of the best
performances for Bi,Se; materials for TE application. The DFT
calculation also discovers an underlying deep defect state
located at ~15 eV below the Fermi level, and Fermi energy shifts
towards the conduction band minimum.
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Figure 10 Temperature dependence of the (a) electrical conductivity,
(b) Seebeck coefficient, (c) calculated power factor, (d) the total thermal,
(e) the TE figure of merit dependence on temperature, (f) the maximum
2T dependence on doping content at 473 K for all the BISS samples (where
BS = BixSe; and BISS = Bi,_ In Sb, ,Se,; x = 0.05, 0.1, and 0.2). Adapted
with permission from Ref. [176], © American Chemical Society 2022.

This leads to enhanced electronic properties via density
of states optimization induced by the co-doping. It is worth
mentioning that Bi (6p?) substitution with In (5s*5p') is
anticipated to restrict the scattering of conduction electrons.
However, the drastic decrease in the mobility of carriers comes
from the electronegativity difference between In and Bi, resulting
in an increase in ionic bonding and hence increasing the DOS.

3.3 Other metal chalcogenides materials for TE
application

3.3.1 Lead chalcogenides

Lead chalcogenide (PbX, X = Te, Se, S) materials possess
intrinsically low thermal conductivity. Therefore, by adopting
a proper material design, nanostructuring, band engineering,
and alloying, a boost in TE performance can be achieved.
Biswas et al. reported a breakthrough in the zT of 2.2 [44] in PbX
via nanostructuring. The effectiveness of the nanostructures
places a suitable precipitate of nanoscale in the matrix leading
to enhanced scattering of lattice vibration [177]. In search of
improved TE performance in PbX, several experimental results
have shown that lead chalcogenides uniquely show strong
anharmonic lattice dynamics responsible for low thermal
conductivity [178, 179]. Similarly, multiple valence bands
(PbTeixSex) [75] and introducing density of state distortion
to the valence band (T1-PbTe) [71] have shown excellent TE
performance. Elsewhere, Chen et al. [180] has proposed a
dislocation scattering model as a practical approach to reducing
the lattice thermal conduction of PbX TE materials. It is
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expected that this model can serve as a strategy for other
thermoelectric materials to improve the figure of merit. In
Chen et al. studies, cation vacancies were deliberately introduced
into the solid solution of Pbi.Sb.ysSe, where upon thermal
heat treatment, the vacancies were annihilated by creating
homogenous dislocations with the grains. This result in
remarkable thermal conductivity as low as 0.4 W-m™-K™" and a
corresponding high zT.

Most recently, Shi et al. [181] investigated the impact of
isovalent doping of selenium in PbossGaooe:TeossSeoos and
explored the thermoelectric performance compared to the
pristine. It was evident that, at low temperatures, the Ga* ions
oxides to Ga** upon doping with Se. This lead to an enhancement
in the carrier density (Egs. (27) and (37)) from 1.16 x10" to
2.17x10”C-m™ constituting a power factor of 3.04 m W-m™K?
measured at 482 K. Again, the concentration of point defects
induced phonon scattering improved for the Se doped samples
which contributed significantly to the lowering of the lattice
thermal conductivity (0.46 W-m™-K™) and hence increased the
2T of the pristine (2T = 0,74) by 112%.

3.3.2  Copper chalcogenides

Copper chalcogenides (CuX, X = Te, Se, S) have been given
enormous attention due to their promising potential for
TE applications [182, 183]. CuX composes of diamond-like
chalcogenides and liquid-like binary compounds, and multinary
derivatives. CuX is formed by covalent bonds, and their
atomic ratios and structures vary based on the oxidation state
of copper. Typically, the chalcogen atoms constitute the rigid
lattice frame. In contrast, the copper atoms randomly occupy
the chalcogen lattice, comprising the general features of two
sublattices, promoting the decoupling of electron and phonon
transport.

Similarly, the disordered and even liquid-like sublattice and
complex crystal structure of CuX lead to intrinsically low
thermal conductivity [182]. The presence of mixed conduction
(electronic and ionic conductivity) of CuX makes them superior
semiconductors. Exceptional thermoelectric performance
[184, 185] is obtained from the unique electronic band structure
[186], crystal structure, phase transition behaviour, and
superionicity of Cu,Se materials, which contribute to a high
Seebeck coefficient and low lattice thermal conductivity for a
phase transition of 400 K [6, 187]. Phase transformation between
monoclinic Cu:Se and superionic antifluorite Cu:Se has been
shown to modify the electronic band structures and improve
electrical performance [6]. The fluid-like behaviour of the Cu
sublattice in an antifluorite Cu:Se and the corresponding
superionicity lead to the ultralow lattice thermal conductivity
and high zT at T ~ 400 K. Lui et al. [6] have reviewed the band
structure, crystal structure, phase transition and intrinsic
thermoelectric performance of Cw.Se and the potential
thermoelectric properties. In his review, details have been
provided on the effectiveness of improving the transport
properties and the reduction of lattice thermal conductivity to
boost the zT of Cu:Se. It was evident that the enhancement in
the zT is mainly achieved via reduction of the lattice thermal
conductivity - efficient scattering of lattice vibration [188, 189].
This study is crucial as it bridges the progress gap and challenges
regarding Cu.Se thermoelectrics.

Nano flakes of size ~ 200 nm have been studied by Yang
et al. [190] and the thermoelectric performance is evaluated
at T = 500-850 K. The nano-size grains form dense grain
boundaries, which effectively scatters mid-wavelength phonon

(@) 74 5m | Sci@pen

inghua Uni

14 ‘ Nano Research Energy 2022, 1: €9120034

and hence drastically reduce the lattice thermal conductivity
from 0.68 W-m™-K™! (bulk Cu.Se) to 0.18 W-m™-K™! (nano-size
CusSe) leading to a zT boost from 0.7 to 1.5, respectively. The
effect of nickel doping in CusSe has been studied by Ducka
et al. [191] synthesized via reduction of reagent in hydrogen,
and the influence of Ni on both microstructural and TE
properties is related. The most evident structural difference
was the presence of Cu precipitates in the bulk matrix for the
Ni-doped samples leading to enhanced electrical conductivity
(Eq. (33)) with no deterioration of the Seebeck coefficient
(Eq. (37)). The observable transition of the Cu.Se phase
accounted for the high zT = 0.8 obtained at 650 K.

3.3.3  Germanium tellurides

Group IV-VI semiconductor chalcogenides, such as GeTe,
SnTe, and PbTe, have attracted emersed attention due to their
remarkable TE performance in the mid-temperature (500-
800 K) range [192-194]. The admirable transition from a
high temperature and symmetry cubic phase (c-GeTe) to a
low-temperature rhombohedral phase (r-GeTe) makes GeTe a
promising TE material [195]. More importantly, the symmetry
breaking in GeTe allows for diversified rearrangement of the
split bands leading to a high band degeneracy. This is crucial
in promoting low lattice thermal conductivity, as evidenced by
the hierarchical bonds and microstructural anchor provided
by the band degeneracy. The distinctive feature of energy level
switching between the L and S valence bands enables an extra
degree of freedom for the possibility of band manipulation,
which is essential for improving the electronic properties
via high band degeneracy [193, 196]. The band structure of
c-GeTe is like that of PbTe and SnTe, making c-GeTe tutored
a potential material for device application [197]. As such, a
high zT > 2 [195, 198, 199] has been found for c-GeTe, which is
superior to several of the mid-temperature p-type thermoelectric
materials. The Carrier density optimization strategy was
utilized by Li et al. [194] to enhance the TE performance of
GeTe with Sb and Se doping. A zT of 2 was found for the Sb
and Se composition, resulting in a 40% reduction in the lattice
thermal conductivity compared with only Sb doping [194].
The substantial decrease in the lattice thermal conductivity
with alloying indicates the efficient phonon scattering [200]
instigated by the strain and mass fluctuations produced by the
alloying process. Hong et al. [195] investigated the In and Sb
co-doping effect of GeTe and observed an induced density of
state distortion near the Fermi level. Again, the presence of
the Sb and In lowers the transition temperature of the GeTe,
leading to enhanced thermoelectric performance. A zT as
high as 2.3 was obtained for c-GeTe thermoelectric materials.
The high preformation was attributed to improved electronic
transport coefficients caused by the two valence bands and the
stronger phonon-phonon interaction, reducing the intrinsic
lattice thermal conductivity [199]. More so, the inevitable
point defect, coupled with the high density of stacking faults,
grain boundaries, and nanoscale precipitate, contributed to
the ultralow thermal conductivity of the synthesized GeTe TE
material [194]. Elsewhere, Gelbstein et al. [198] explored the
spark plasma sintering approach to study the TE performance
of p-type Geos7PboisTe material. A significantly high TE
performance (zT ~ 2) obtained for this composition could be
attributed to the size twining, and nucleation of sub-micron
phase separation domain existing in the synthesized composition,
where the zT and the efficiency of the studies is among the
highly performing GeTe materials reported so far.
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3.3.4 Tin chalcogenides

Although lead telluride is regarded as a group IV-VI
semiconductor chalcogenides material with extremely high zT,
lead toxicity is problematic. Therefore, a lead-free substitute
(Tin chalcogenide) with high zT is in high demand. Pristine
SnSe has demonstrated a tremendous TE performance (zT ~ 2.6
at 923 K) [201] and has attracted considerable attention for
high-temperature TE devices. This has uncovered and shown
the great potential of non-lead-based group IV chalcogenides
for TE devices due to their similar crystal structure to that
of PbTe [202]. Like PbTe materials, SnSe undergoes a phase
transition from a low-symmetry orthorhombic (Pnma space
group) to a higher-symmetry orthorhombic (Cmcm space
group) structure when the temperature approaches 750 K,
responsible for the unique transport properties. This second-
order transition preserves the bilayer stacking as each Sn atom
is found to be coordinated by four neighbouring Se atoms or
vice versa at equal distances within the y-z plane [203, 204].
Again, SnS possess a similar structure to that of SnSe but has
low thermoelectric performance due to high electrical resistivity.
By adopting a strategic doping design, the zT can be massively
improved. Besides all the potentials of the single crystal SnSe
as a thermoelectric material, polycrystalline SnSe is restricted
in performance due to the high thermal conductivity and low
electronic conductivity. Isovalent doping (Te-dopant) as an
effective strategy was utilized by He et al. [205] to simultaneously
enhance the electrical conductivity and reduce thermal
conductivity in p-type polycrystalline SnSe. Using a two-step
synthesis method, a nonequilibrium bulk Sn(Sei-<Tex) solid
solution with x up to 0.4 at.% realized a multifold increase in
the carrier density (Eq. (25)), leading to improved electrical
conductivity (Eq. (33)) and reduced lattice thermal conductivity.
It is worth mentioning that the larger size Te-ions in the
Sn(Sei«Te.) creates a weak Sn-Te bond, resulting in the
formation of a high density of Sn vacancies which leads to a
reduction in the phonon frequency and improved phonon
scattering. The effects of the structural changes upon the
immense size of Te carrier doping beyond the equilibrium
limit are enhanced thermoelectric performance in the SnSe
materials.

4 Threats to validity

This review focused on an isovalent substitution as an
optimisation mechanism for MC thermoelectric performance
and did not review the application of such a technique to
other thermoelectric materials such as perovskites, etc. MC
consist of at least a metal and an element of group VI (called
chalcogens). These materials have been regarded as the best
materials in TE energy conversion due to their superior
efficiencies. Therefore, they have been utilised in device
fabrication for thermoelectric applications due to their high-
power factor. MC have low fabrication and operational costs. Le
Blanc et al. [206] reported that MCs are the most cost-effective
materials for thermoelectric energy conversion, therefore
attracting the most attention. Similarly, Yadav et al. [207]
showed higher efficiency and stability for MC thermoelectric

materials than other TE materials like oxides and tetrahedrites.

As an advantage of MC, structural variations, complexity,
and flexibility allow for phase transformation/transition,
enabling performance enhancement. For instance, 75 wt.%
of Sb.Te; wasadded to Bi,Tes in the report of Park et al. [208],

forming a p-type material with an enhanced power factor of
426 mW-m™-K.

The research into thermoelectric materials enhancement
through isovalent substitution has been a mechanism to control
the carrier concentration while improving the electrical
conductivity and Seebeck coefficient in TE materials. Before
1950, the conversion efficiency was less than 5%, while after
1990, this improved to 20% [209, 210]. It is considered that
further improvement is still possible. For such reasons, this
review is targeted to the contribution of the isovalent substitution
to thermoelectric material performance from reports within
the past few decades to illuminate the impact of the synthesis
route on TE performance.

5 Conclusion

In conclusion, the system of isovalent substitution is an
effective technique of doping to enhance the thermoelectric
material performance through the distortion of the density of
state via the formation of defects states, which serve as resonant
levels. Unlike the conventional doping system, isovalent doping
reveals a departure from the rigid band approximation, which
is salient in improving the electron density of the state and
eventually enhancing the Seebeck coefficient. 15% of the
reviewed articles did not show a simultaneous increment in the
electrical conductivity and the Seebeck coefficient. However,
their power factor was enhanced while the thermal conductivity
was reduced due to the isovalent dopants’ inclusion. Most of
the reviewed articles (75%) revealed simultaneous improvement
in the Seebeck coefficient and electrical conductivity. Secondly,
the electron mobility in most cases was enhanced due to
controlled isovalent substitution. Therefore, it is shown that
the system of isovalent substitution is an effective tool to
enhance the power factor via decoupling the interplay between
the Seebeck coefficient and the electrical conductivity.

In summary, this paper reviews MC’s electronic and
thermoelectric properties, emphasising the isovalent doping
approach. Among these materials, n-type Bi.Tes and p-type
BiosSbisTes stand tall with the highest thermoelectric figure
of merit of approximately close to 1. These materials possess
high electrical conductivity and a high Seebeck coefficient,
leading to a high-power factor. However, the limiting factor in
this regard is the high thermal conductivity. Therefore, innovative
strategies are required to further reduce the existing MC’s total
thermal conductivity and their composites. If the current
thermal conductivity values of the n-type Bi,Te; and BiosSbisTes
can be reduced by half, the zT will be doubled. Doubling the
existing zT values of the commercialised TE materials will
revolutionalise the energy sector.
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