
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ja

nu
ar

y 
20

17
. D

ow
nl

oa
de

d 
on

 1
2/

10
/2

02
5 

4:
49

:1
0 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Valleytronics of I
aElectrical and Computer Engineering Depa

Raleigh, NC 27606, USA. E-mail: dvashae@
bBirck Nanotechnology Center, Purdue Univ

Cite this: RSC Adv., 2017, 7, 7310

Received 16th December 2016
Accepted 13th January 2017

DOI: 10.1039/c6ra28280f

www.rsc.org/advances

7310 | RSC Adv., 2017, 7, 7310–7314
II–V solid solutions for
thermoelectric application

Payam Norouzzadeh,a Ali Shakourib and Daryoosh Vashaee*a

It is shown that the degeneracy of the bandstructure has different impacts on thermoelectric properties of

III–V materials. A comprehensive list of III–V solid solution alloys that can make multi-valley bandstructures

is presented and the transport parameters affecting their thermoelectric power factor are discussed. It is

shown that in some cases, such as GaxIn1�xP ternary alloy, the power factor is enhanced significantly

near the valley convergence point, but in some other cases, such as AlxGa1�xAs, the enhancement is

marginal and away from the valley convergence point. Therefore, in addition to the bandstructure

engineering, detailed calculation of the transport parameters is also required to determine the optimum

alloy composition that can improve the thermoelectric properties.
The engineering and control over the valley degree of freedom is
known as valleytronics, which has found many applications
in semiconductors.1–4 The valleytronics is also a powerful
approach for engineering high performance thermoelectric
materials. Recent advances in thermoelectric materials has
been mainly resulted from the reduction of the lattice thermal
conductivity mainly by nanostructuring,5 or optimization of
materials with complex unit cells.6,7 As the lattice thermal
conductivity reduces and approaches the electronic thermal
conductivity, the gure-of-merit (zT)8 enhancement becomes
less signicant and other directions that increase the thermo-
electric power factor are necessary for further improvement of
the zT. The power factor enhancement can be achieved by
various methods such as improvement of the density of states
(DOS),9–12 creation of sharp changes in the DOS near the Fermi
energy,13 increase of the number of carrier pockets near the
Fermi energy,14 engineering composite structures,15,16 hot elec-
tron ltering via superlattices17,18, impurity-induced band
structure distortion through the introduction of resonant
energy levels close to the band edges,19,20 modulation doping
approach which makes use of the enhancement in carrier
mobility,21 tuning the doping and composition22 and engi-
neering the carrier pockets near the Fermi energy.23 Most of
these efforts are focused on enhancing of the power factor
through modication of the DOS. In particular, it is known that
a high valley degeneracy leads to large Seebeck coefficient,
which may lead to a high power factor and zT.24–27 Therefore, it
is highly desired to nd practical means to manipulate the
valleys in the band structure. Among different techniques, solid
solution of miscible materials is known as a method for tuning
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the bandstructure characteristics in order to move the band
extrema close to each other.28 For this, the respective bands
must have multiple valleys located close to each other (<a few
kBT). However, it is also known that the carrier mobility can be
reduced due to the intervalley scattering at the valleys conver-
gence point. A key question is raised here: does the maximum
power factor occur where the valleys converge? In this work, we
aimed to address the mentioned question and elucidate on the
multi-valley effect on thermoelectric transport properties in III–
V alloys. We present a comprehensive survey of III–V materials
that simultaneously satisfy both the solid solution condition
and the ability to make multiple valleys in the conduction band.
The detailed transport calculations are presented for two
selected alloys and a list of other candid materials is proposed
for further studies.

Solid solutions are alloys in which one or more types of
components may be partially substituted by the other compo-
nents while maintaining similar structure. They are homoge-
nous and the lattice structure remains unaffected at different
composition ratios. To determine the degree of solubility, one
may apply Hume-Rothery rules,29 which indicate: (a) the
difference in atom radii of the solute and the solvent should not
exceed 15%, (b) the crystal structures of the solute and the
solvent must be the same, (c) the electronegativity of the solute
and the solvent must match, and nally (d) the valency of the
solute and the solvent should be the same for complete
solubility.

The initial idea is to use valleytronics for improving the
thermoelectric power factor. This can be achieved by engi-
neering the band structures that favor multiple valley electronic
conduction. Solid solution of two materials having band
minima with dissimilar wavenumbers can provide the roadmap
for achieving this goal at or near the valleys convergence point.
The number of carrier pockets involved in transport increases
This journal is © The Royal Society of Chemistry 2017
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near the transition point; hence, for a given carrier concentra-
tion, the Fermi energy reduces, which results in the enhance-
ment of Seebeck coefficient. If this enhancement happens
without loss of the electrical conductivity, the thermoelectric
power factor increases. To reach our goal, the alloy must satisfy
two conditions: (a) the composition should be adjusted so that
the different valleys converge. In the case of solid solution, the
volume fraction is simply the “knob” for tuning the energy of
the valleys and fullling the condition; (b) the conduction band
minimum of material 1 (CBM1) should be at a different wave-
number than that of material 2 (CBM2) so that the band
crossing happens. The later condition is required only if the
bowing factor of the resulted bandstructure is negligible and
the bands do not cross. For example, Fig. 1 shows the sche-
matics of the bandstructure with conduction band minima at L,
G, and X (panel a) and the band-gap energies (EG, EL, and EX) as
a function of the x-composition parameter for GaxIn1�xP (panel
b).30 The arrows in panel (a) indicate the intervalley electron
scattering among different valleys.

In this ternary alloy, the conduction band minimum makes
transition from G to L point at x z 0.67 and again from L to X
point at xz 0.77 as the Ga concentration increases from zero to
one. Therefore, the band degeneracy at xz 0.67 is ve-fold and
at x z 0.77 is 7-fold. The latter is even larger than the degen-
eracy of the conduction band in some of the good thermoelec-
tric materials like Bi2Te3 and SiGe (both 6-fold degenerate). It is
Fig. 1 (a) Illustration of a multivalley band structure with valleys L, G,
and X. (b) Conduction band minima vs. x for GaxIn1�xP. The power
factor is calculated for doping concentration of 1.5 � 1020 cm�3 at
600 �C. Symbols represent the experimental data.28

This journal is © The Royal Society of Chemistry 2017
worth noting that EG value at xz 0.77 is very close to EL and EX.
Therefore, at temperatures that kBT is comparable to or larger
than the energy difference, the G valley also contributes in the
carrier transport, adding to the X and L contributions, which
would further enhance the Seebeck coefficient.

We calculated the main thermoelectric properties of n type
GaxIn1�xP by solving the Boltzmann Transport Equation. For
the model calculations, we followed the methodologies dis-
cussed in our previous works.31–34 The calculation details as well
as the model validations by the experimental data are presented
in the supplementary material available in the online version of
this article. The calculation was performed for xed doping
concentration of N ¼ 1.5 � 1020 cm�3 at T ¼ 600 �C. This value
of Nmaximizes the zT at the optimum x. As shown in Fig. 2, the
relatively large value of the degeneracy of the band in this
material system has resulted in signicant enhancement of the
Seebeck coefficient. The peak power factor occurs at x z 0.7,
which is near both the G–L and L–X band convergence points. At
this range of composition, G, L and X valleys are near each other
(within a kBT). Therefore, there are effectively 8 carrier pockets
at the band edge. When the G, L and X are within several kBT
from each other, the carriers can populate all the valleys and
contribute in electronic transport. The electrical and thermal
transport properties are calculated and shown in Fig. 2. In order
to show the effect of the intervalley scattering, we have plotted
the values corresponding to two case of with or without the
inclusion of the intervalley scattering. Alloying of InP with Ga
reduces the electron mobility;35 however, the effect in Seebeck
coefficient is stronger and results in signicant enhancement of
the power factor, as shown in Fig. 2a and b. Our calculations
also show that the multi-band transport has signicantly
reduced the thermal conductivity, which is mainly due to the
reduction of the electronic part of the thermal conduction (the
thermal conductivity components are not shown in the plot).
Therefore, the combination of the two mechanisms predicts
a high zT close to 1.1 near x z 0.74.

In contrast to GaxIn1�xP material system, our calculations
for n type AlxGa1�xAs shows that the optimum bandstructure,
i.e. where the zT is maximized, deviates from the valley
convergence point. The calculated thermoelectric properties for
AlxGa1�xAs versus x at 600 �C is shown in Fig. 3. The doping
concentration was xed at N ¼ 1.05 � 1019 cm�3, which maxi-
mizes the zT at optimum x.

In this case, the band extrema L and X converge at x z 0.42.
It is generally expected that the zT should increase near this
point. However, model calculations predict that zT reaches
a peak at x z 15% and it reduces signicantly as x approaches
0.42. This different trend indicates that the bands convergence
is not necessarily the optimum place at which zT is enhanced.
The main reason for the zT reduction near the valley conver-
gence point is due to the signicant drop of the electrical
conductivity near this point (Fig. 3a). In general, the valley
convergence affects the transport properties in two ways. First,
it enhances the density of states; hence, improves the Seebeck
coefficient. Second, it increases the intervalley charge carrier
scattering, which reduces both the electrical conductivity and
the Seebeck coefficient.36 The dominant scattering near the
RSC Adv., 2017, 7, 7310–7314 | 7311
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Fig. 2 Theoretical prediction of (a) electrical conductivity and Seebeck coefficient, (b) thermal conductivity and power factor, and (c) zT versus
Ga fraction x at 600 �C for GaxIn1�xP. Solid and dashed lines show the values corresponding to two cases as with intervalley scattering (w/ ivs) and
without intervalley scattering (w/o ivs). All plots are calculated for doping concentration of N ¼ 1.5 � 1020 cm�3 at 600 �C.

Fig. 3 Theoretical prediction of (a) electrical conductivity and Seebeck coefficient, (b) thermal conductivity and power factor, and (c) zT versus
Ga fraction x at 600 �C for AlxGa1�xAs. Solid and dashed lines show the values corresponding to two cases as with intervalley scattering (w/ ivs)
and without intervalley scattering (w/o ivs). All plots are calculated for doping concentration of N ¼ 1.05 � 1019 cm�3 at 600 �C.
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band convergence point in both materials is intervalley scat-
tering; however, the intervalley scattering in AlxGa1�xAs is more
signicant. Therefore, in AlxGa1�xAs, although the Seebeck
coefficient is improved, the reduction of carrier mobility is
dominant and the power factor reduces at and near the valley
convergence point. For the case of GaxIn1�xP, the former effect
(Seebeck coefficient) is dominant and the power factor
enhances at the valley convergence point. As illustrated in
Fig. 3b, the power factor is greatly affected by intervalley scat-
tering. At presence of the intervalley scattering, the power factor
shows a minimum at x z 0.6, while upon exclusion of the
intervalley scattering it has a peak at x z 0.5. In this case, in
contrast to GaxIn1�xP, the multi-valley transport has some small
effect on the thermal conductivity (Fig. 3b). The ambipolar
thermal conductivity is small as in GaxIn1�xP and is not shown
in the gures. The overall effect of the valley convergence on zT,
as depicted in Fig. 3c, is similar to the behavior of the power
factor. zT has a peak value of zT z 0.8 at x z 0.55 if the inter-
valley scattering is removed, and it shows a signicant drop
upon inclusion of the intervalley scattering and the peak value
is zT z 0.27 at x z 0.16.

A comprehensive list of III–V solid-solution candidates for
thermoelectric application is presented in Table 1. The band
parameters were collected from ref. 37 and the valley
convergence was calculated using Vegard's law by the inclu-
sion of the bowing parameters whenever the data was avail-
able. The table shows the candid binary solid solution AxB1�x,
the lattice constant mismatch Da, the bandgap Eg and the
7312 | RSC Adv., 2017, 7, 7310–7314
corresponding band-edge for material A and B, the composi-
tion x1 where the bands meet and its corresponding degen-
eracy Nv1 and the valleys, the composition x2 which has the
highest number of carrier pockets near the band-edge and the
corresponding degeneracy Nv2, and the overlap temperature
To. As an example, for the case of GaP-GaSb, i.e. (GaP)x
(GaSb)1�x, the lattice mismatch is %11.8. The bandgap for
GaP and GaSb are 2.35 eV at X point and 0.81 eV at G point,
respectively. X and L valleys meet at x� 0.42 resulting in 7 fold
degeneracy. At x � 0.38 and at T � 140 K, G point is less than
2kBT above the X and L points. Therefore, at T > 150 K, the
G point becomes also populated and there will be 8 carrier
pockets contributing in transport. The materials in the non-
shaded rows are suggested as good candidates due to their
high degeneracy of the band at the valley convergence point.
For the rst nine rows, at temperatures above To, the G, X and
L CBMs will all contribute in transport due to the broadening
of the Fermi–Dirac distribution. This contribution in turn
increases the number of carrier pockets near the Fermi
energy. Interestingly, for GaP-GaSb, GaP-InP, InAs-AlAs, GaSb-
AlP, and GaAs-AlAs the overlapping temperature is below the
room temperature.

The valley convergence can occur between any two valleys of
G, X, and L. In such cases, x1 composition corresponds to the
valley convergence that results in highest degeneracy. The
overlap temperature To refers to the temperature above which
the energy separation of the three valleys of G, X, and L becomes
less than 2kBT.
This journal is © The Royal Society of Chemistry 2017
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Table 1 List of investigated III–V solid solution alloysa

a Da: the lattice mismatch. Eg: band gap. The corresponding valley is
also shown. x1 and Nv1: the composition where two valleys meet and
the corresponding valley degeneracy. x2 and Nv2: the composition with
highest number of contributing electron pockets in transport at
temperatures above To, and the corresponding number of carrier
pockets. To: the temperature above which L, X, and G valleys can be
populated at optimum Fermi energy. The band parameter data is
taken from Vurgaman et al.37
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Therefore, all the three bands, G, L, and X contribute effec-
tively in the transport. It is also worth mentioning that the
mentioned materials have zinc blende structure, and except
GaP-GaSb and GaP-InP, the valley convergence occurs at X/L
cross point. GaP-GaSb and GaP-InP are especially interesting as
they have the highest degeneracy at x1. The convergence of X
and L valleys at CBM in these two solid solutions is due to their
large bandstructure bowing parameters.37 For the three alloys in
the lightly shaded area of the table, there is no XL valley
convergence and the overlap temperature is above the melting
point. For the remaining seven alloys in the darkly shaded area,
there is neither GL nor XL valley convergence.

As discussed earlier, the high degeneracy of the band is only
one of the criteria for a good thermoelectric material. The non-
dominancy of the intervalley scattering must be also satised in
order to observe the improvement of the thermoelectric power
factor by multi-valley transport conduction. If the intervalley
scattering becomes signicant near the valley convergence
point, the optimum alloy composition can deviate away from
this point or the zT may be reduced. For example, as shown in
Fig. 3, the optimum x parameter for n-type AlxGa1�xAs deviates
from where the valleys meet each other (x z 0.42) and happens
at x z 0.16. Therefore, the compositions listed in.

Table 1 does not necessarily maximize the power factor.
In summary, it was shown that valleytronics has different

impacts on thermoelectric properties of III–V alloys. A
comprehensive list of materials that can make a continuous
This journal is © The Royal Society of Chemistry 2017
solid solution with high valley degeneracy were identied. The
continuous solid solution of these alloys provide means for
tuning the valley characteristics of the band structure. The solid
solution of two materials having band minima with dissimilar
wavenumbers allows convergence of the valleys and enhancing
the valley degeneracy (Nv), hence, the electronic density of
states. The enhancement of the density of states generally
improves the Seebeck coefficient providing a roadmap for
engineering high performance thermoelectric materials.
However, it was also discussed that the enhancement of the
density of state may be accompanied by large intervalley scat-
tering that can deviate the optimum alloy composition away
from the valley convergence point or reduce the zT. Therefore,
as the next step, the transport calculations are required for the
valleytronics of these candid alloys in the search for good
thermoelectric materials.
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