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Abstract
The derivatives of Mg,Si have recently attracted wide attention as promising thermoelectric
materials due to earth abundant and environment friendly low-cost constituents. The main
challenge in optimizing the thermoelectric figure of merit Z7, is the low electrical and high
thermal conductivities of Mg;Si. The present study demonstrates high Z7 of ~ 1.6 at 673 K in
Mg,Siy3Sng 7 through simultaneous optimization of electrical and thermal transport through Sb
and Zn co-doping The ultra-low deformation and alloy scattering potentials in Sb and Zn co-
doped samples helps in maintaining record high Hall mobility ~ 70-90 cm?/V.s. The doping
induced pudding mold band structure with hyperconvergence in conduction band balances high
Seebeck coefficient and high electrical conductivity. The point defects and dislocations created
by doping helps in lowering of lattice thermal conductivity as well. The uni-leg power generator
fabricated using optimized Mg 96Zng 04(Si9 3500 7)0.98Sbg.0> €xhibits a record efficiency of ~ 9.5 %

at AT ~ 329 K.



Introduction

The ever-increasing demand of energy and impending crisis of global warming related to
increasing use of fossil fuel has forced mankind to arrange for alternative energy source as well
as reduction in waste heat. Thermoelectric materials are ideal for direct conversion of waste heat
into electricity. The conversion efficiency of a thermoelectric material mainly depends upon the
dimensionless figure of merit ZT = a’>cT/k where a is the Seebeck coefficient, o is the electrical
conductivity and « is the total thermal conductivity having lattice (xr), electronic (x.) and bipolar
() contributions. However, these parameters are adversely interdependent and decoupling them
for the betterment of overall ZT is an extremely challenging task. The numerator part of Z7 i.e.
a’c is called power factor (PF) and it is relatively less dependent on k. The various strategies
were evolved to enhance ZT includes optimization of carrier concentration!!l, increasing effective
mass via band convergencel?: 31, introduction of resonant levels?: 4. 31 | band structure
engineering(®: [l [81. B 101" hyperconvergence of bands[!!l, introduction of multiple electron
valleys!!?l, pudding mold band features!!3], Rashba splitting!!4], decreasing x; by defect
engineering(!l etc. Apart from ZT, the thermoelectric quality factor B is an indicator of the
efficiency of materiall'®l. According to Bardeen and Shockleyl!6-17] B is defined as:

2hCN k3T (1)

37Tm7KLEdef2

Where kg 1s the Boltzmann constant, h is the reduced Plank constant, C; is the longitudinal elastic
constant, Nv is the valley band degeneracy, mj is the inertial effective mass and E g is the
deformation potential. Evidently, a high N,, low x and low Eg4.r are preferred to maximize B.
Moreover, as electronic and lattice part of ZT are assumed to be independently tunable, Slack
proposed the idea of weighted mobility (u,,) '8 which governs the goodness of the electronic

part of a material and is defined as!!l:
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Where u, is the mobility in the purest defect free (undoped) material(’®l where carrier
concentration is negligible and m* is the density of state effective mass. By combining the
electronic and lattice part of a thermoelectric material another parameter f is defined as (m”*
/my)>?uo/k , which is also used as a signature of a good thermoelectric materiall'®],

Most of the high-performance thermoelectric materials (e.g. PbTe, Bi,Tes, SiGe etc) usually
contain expensive or toxic elements. In this regard, Mg,BX!V (BXIV = Si, Ge, and Sn) and their
solid solutions, specially Mg,Si;-,Sn, (z = 0.4 — 0.7), synthesized from non-toxic, naturally
abundant constituent elements, demonstrate impressive thermoelectric properties and low mass
density along with good mechanical properties. Mg,Si;4Sn, (x ~ 0.6 — 0.7) shows good
thermoelectric properties!!?tl: [201. [21}. [22] because of increased m* as two electronic bands
converges increasing valley degeneracy N, = 3 to 6, decoupling adverse dependence between
Seebcek coefficient and electrical conductivity. Moreover, due to mass mismatch among atoms
and introduction of strain the thermal conductivity gets reduced. However the mass mismatch
and strain can also scatter charge carriers and thus can reduce mobilityl>3]. The estimation of
alloy scattering potential E ., gives an indication of the effect of alloying on the mobility of
electrical transport?¥]. Deformation potential Eg.r and alloy scattering potential E,, are the
two key factors that decide carrier mobility () in a solid solution or alloy!®]. E 4. characterizes
scattering of carriers by lattice vibration which is basically coupling between phonons and
electrons and alloy scattering potential E,, signifies interaction of carriers with the potential
fluctuations due to atomic disorder in alloys or solid solutions!!7} [26],

In this work we investigate the thermoelectric properties of Sb doped carrier concentration
optimized Mg,Sij3Sng 7 showing a record Z7 of ~ 1.55 at 673 K due to very high Hall mobility ~

70 cm?Vs. We further investigate the role of Zn substitution at Mg site in Mgy.
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ZN2x(S19.38n0 7)0.98Sbo 02 and it was found that ~ 2 atomic% Zn doping reaches its solubility limit
and above this limit it gets segregated into the matrix thus creating vacancy at cationic sites and
introducing bipolar conduction. To the best of our knowledge the role of Zn doping is not much
investigated in detail for Mg,Sio 3Sng 7127} 281 Though, earlier!?] it is reported that Zn doping in
Mg,Sij3Sng; improves mobility without much insight of such an observation. In this work we

concussively demonstrate that Zn doping leads to ultra-low Eq.r (8.0 — 8.1 V) and E g,y (0.3

- 0.31 eV) and it agrees with the DFT calculated band structure.
Experimental and computational details:

For synthesis of Mgy(1x)Znx(S1935n¢ 7)1,Sby (x = 0, 0.01, 0.02, 0.03 & y = 0, 0.02), Mg metal
turning (99.9%, Arrobiochem make), Pulverized Si powder in agate mortar pestle from Silicon
lump (99.9999%, 0.1-2.5 cm, Alfa Aesar make), Pulverized Sb powder in agate mortar pestle Sb
shots (99.9999%, 1-3 mm, Alfa Aesar make), Zn ingots (99.99%, NFC make) were taken
stoichiometrically and cold pressed. The cold pressed cylindrical green pellets were taken inside
an air tight graphite crucible with inner walls tapered with Boron Nitride (BN) solution. The
crucible was then heated to 1000° C for 10 mins in an induction furnace in presence of Argon gas
(~ 0.6 atm. pressure). To compensate for Mg loss at high temperature, 5 atomic % extra Mg
were taken for each sample. After melting, these ingots were pulverized in fine powder in a
mortar pestle and then hot pressed in the same induction furnace in a graphite die of dia. ~ 10
mm under 440 kg load for 7 min in presence of Argon gas (~ 0.6 atm. pressure). The hot-pressed
pellets of dia. ~ 10 mm, height ~ 1.5-2 mm were used for measurement of thermal conductivity.
Rectangular bars (10 mm * 5 mm * 4 mm) and thin slices (0.67 mm * 9.8 mm * 10 mm) were cut
from the hot-pressed pellet of dia.: 10 mm, height ~ 10-11 mm using diamond coated wheel for
electrical transports and Hall coefficient measurement, respectively. The relative densities of all

the samples were ~ 97-99%.



The crystal structure was characterized using X-Ray powder diffraction technique (XRD,
Proto make Benchtop Powder Diffraction System) at room temperature with Cu K, radiation.
Rietveld Refinement is done using Fullprof software. The simultaneous measurement of
temperature dependent Seebeck coefficient and electrical conductivity were done on rectangular
bar shaped samples using an LSR3 setup (Linseis make). The maximum uncertainty in these
measurements is 5%. The thermal conductivity k was calculated using « = DpC,, where p is the
experimentally measured sample density, C, is the specific heat estimated using Dulong Petit’s
law and D (thermal diffusivity) was measured using the laser flash method (LFA 1000, Linseis).
The temperature dependent Hall measurements were performed in a homebuilt setup under a
dynamic vacuum. The setup maintains temperature stability better than 10 mK. A phase-sensitive
lock-in technique and electromagnetic shielding allow for precise measurements of our samples
with Hall voltage in the nanovolts range. For probing, stainless-steel pressure-point contacts
were used on hall-bar geometry samples. The Hall voltage is obtained as Vy(H) = (Viu(+H)-Viu(-
H))/2. To evaluate the Hall carrier concentration (ny), we use Ry=1/(nye) =Vut/(IH), where
Vy/H is obtained from the slope of the Hall data, I is the probe current, and t is the sample
thickness. The microstructure and elemental distribution were assessed using the field effect
scanning electron microscopy (FESEM, Carl Zeiss Gemini SEM 300) equipped with Energy
Dispersive X-ray Spectroscopy (EDS, Oxford Instruments 100 mm? detector, EDS Ultim 100).
EDS data were analyzed using AZtec software. Sound velocity in the samples (h ~ 1 cm, ® ~ 1
cm) were measured using GE Make USN 60L, Olympus make probe of 4 MHz, 6 mm diameter
and 2.25 MHz, 12 mm diameter for longitudinal and transverse velocities respectively. The high-
resolution electron micrographs were obtained using a transmission electron microscope (JEOL
JEM 2200FS 200 keV). The first-principles calculations were performed within the framework
of density functional theory (DFT) using Quantum ESPRESSO packagel?l. Generalized gradient

approximation (GGA) of Perdew—Burke—Ernzerhof (PBE) functional type was employed to
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describe the exchange-correlation potential?%l. A conventional cell was used for the simulation
of the face centered cubic crystal with 2s? 2p® 3s2, 3s? 3p?, 4d'0 5s2 5p?, 4d'0 552 5p3, 3d'0 4s? as
valence electrons for Mg, Si, Sn, Sb and Zn atoms. While Sn and Sb atoms were substituted at Si
site, Zn atom was substituted at Mg site in the doped samples. Plane wave basis was used to
represent the wave functions, the energy and charge density of which were terminated using 50
Ry and 400 Ry respectively. A k-mesh of 12x12x12 points was used to sample the Brillouin
zone integrations. The electronic structures were determined along I'-X-M-I"-R-X path for the
fully relaxed chosen cell. In the later part of manuscript the un-doped sample Mg,Sij;3Sng 7 is
termed as S1 while doped samples Mgy (1.x)Zn,x(Sip 35n0.7)0.08Sbo.02 (x = 0, 0.01, 0.02, 0.03) are

termed as S2, S3, S4 and S5.
Results and Discussion:

The XRD patterns of Mgy(1x)Znx«(S19.35n¢ 7)1.,Sby (x = 0, 0.01, 0.02, 0.03 & y = 0, 0.02) samples
are shown in Figure 1. All other major diffraction peaks in Figure 1. (a) can be indexed with
antifluorite crystal structure (Fm3m space group, ICSD Coll. Code: 671458). It is important to
mention that contrary to previous studies the diffraction peaks corresponding to MgO are
negligibly small in our samples. The absence of MgO is beneficial to obtain high mobility as
MgO is an insulator and its segregation at the grain boundaries hampers the facile transport of

charge carriers!3!l,
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Fig. 1. (a) XRD data of Mgy(j.xZn,4(Sig3Sng7)1.,Sby (x = 0, 0.01, 0.02, 0.03 & y = 0, 0.02)
samples, (b) Zoomed neighborhood of (111) and (220) peak indicating presence minor secondary
Si rich phases, (c) Calculated lattice constant with sample code. Up to ~ 2 atomic% doping, Zn is
soluble in the matrix and expands the lattice constant. Above this limit, Zn starts segregating in
the matrix.

In the XRD data very low intensity diffraction peaks corresponding to Si rich phases (Figure 1.
(b)) are also seen, which is later supported by the X-ray elemental mapping images of samples.
The formation of such Si rich phases is inherent since the miscibility gap exist in phase diagram
of solid solution of Mg,Si-Mg,Sn 321, Such secondary Si or Sn rich phases in Mg,Si;_,Sn, (z =
0.4 — 0.7) alloys are also previously reported 22} [32al; [33], [341, 35 Tt is also reported that such Si
rich phases does not have any influence the thermoelectric transport properties. Another
interesting feature seen in Figure. 1(c) is that up to 2 atomic % Zn doping XRD peaks shift
towards lower 20 indicating expansion of lattice 27?81, As seen from Figure 2 (c), above this

limit the lattice starts shrinking, indicating the solubility limit of Zn is up to ~ 2 atomic %. Such



a shrink of lattice parameter at high Zn content (> 2 atomic %) is attributed to Mg vacancies as
well as due to limited solubility of Zn in the S5 sample. Usually during synthesis of Mg;Sig3Sn, 7
samples at high temperature, Mg loss occurs. Hence extra Mg (optimized by trial-and-error
method) is taken from the beginning of the synthesis to compensate for Mg loss. The amount of
Mg loss may vary in different experimental synthesis setup. For our case we have optimised that
5 atomic % extra Mg needs to be taken for all samples to compensate the Mg loss. This extra Mg
if goes at the interstitial position (Mg;), increase the carrier concentrations 3] thus increasing the
electrical conductivity. Du et. al. has systemically varied the amount of extra Mg B3¢l and found
that the disorder in the crystal structure due to presence of Mg; increases the FWHM of (/71)
diffraction peak. The low FWHM for the samples reported in present work (Figure 2) signifies
lesser concentration of Mg; donor defects as compared to the reported ones 3¢ hence not

affecting the carrier concentration.

~ _
[V M S Snn -Sh
0244 £2.24>10.38°20.6°"0.02
-
1]
g- Mgj 108ip.38510.65P0.02 ]
0.20 - Mg 303ip.38510.65b0.02
;\ Mg Si Snp gSb
- ' Mgr 16°10.38°10.6°P0.02
-
“~—0.16 ‘—Q—Ref[SD]
B m B SI: Mg,Sig.3Sng.7
= @ 52: Mgy (Sip.35n0,7)0.985b0.02
X 0124 A 53: Mg 9gZng g2(Sig 3519,7)0.9850.02
g ¥ 54 Mgy 96Zn9,04(Sip,3510,7)0.08500,02
w @ S5 Mgy .94Zng 06(Sip.3500.7)0.085P0.02
0.08 T T T T

4 6 8 10 12
Excess Mg (at. %)

Fig. 2. Comparison of the FWHM of (/11) diffraction peak reported by Du. Et. al B¢ with the
present work. In our samples S1-S5, 5 atomic% extra Mg was taken in each sample.

The temperature dependent electrical conductivity for all samples is shown in Figure 2. (a). The

electrical conductivity of undoped S1: Mg,(Sip3Sng7) increases with rising temperature
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suggesting intrinsic conduction due to very low carrier concentration (ny ~ 5.2 * 10'8/cm3 at 300
K estimated using Hall measurement). With Sb doping the carrier concentration increases to 2.96
* 10%/cm?® in Sb doped sample S2: Mgy(Sio3Sng7)o.0sSboo2. The electrical conductivity for
sample S2 decreases with increasing temperature indicating the character of a degenerate
semiconductor. Now in next set of samples (S3-S5) we have fixed Sb doping at 2 atomic % and
Zn doping is done at Mg site. Since Zn is isoelectronic to Mg and hence it should not change
carrier concentration [?7]. The Hall measurement data shown in Figure 3(a) suggest that up to 2
atomic % of Zn doping at Mg site ny; remains nearly same ~ 2.4 -2.67 *102%/ ¢cm? and 2.40 * 102%/
cm? for S3: Mgy 9gZng 02(Sio.3SN0.7)0.98Sbo.o2 and S4: Mg .96Zng 04(Sig3S10.7)0.98Sbo.02 respectively
at 300 K. All these samples show decreasing trend of electrical conductivity with increasing
temperature indicating highly doped degenerate semiconductor nature. As seen from the
information revealed by the XRD data of Fig. 1(c), the Zn has a limited solubility up to 2 atomic
% at Mg site. Hence in S5 sample (with Zn content ~ 3 atomic %) the vacancies at Mg sites
(V) can exist, which act as acceptors doping!!®®! . The reduced carrier concentration (ny ~ 1.65
*10Y%/cm? at 300 K) in S5: Mg 94Zng 06(Sig 38n0.7)0.9Sbg 02 support that existence of Vy, in the
sample and as seen from Figure 3(a), the temperature dependent electrical conductivity for S5
sample shows increasing trend at high temperature supporting intrinsic conduction in the sample.

The temperature dependence of Seebeck coefficient for all samples are plotted in Fig. 3.
(b). The negative Seebeck coefficient of all samples indicates the expected n-type conduction
and electron as the majority charge carriers. For the Sb undoped S1: Mg,(Si3Sng7), Seebeck

coefficient starts decreasing at high temperature (~450 K) due to onset of bipolar conduction.
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Fig. 3. Temperature dependent thermoelectric properties of Mgy (1.4 Zn,,(Sig3Sn07)1.ySby (x = 0,
0.01, 0.02, 0.03 & y = 0, 0.02) samples: (a) Electrical conductivity, (b) Seebeck coefficient, (c)
Power Factor.

As expected in Sb doped S2, S3, S4 samples bipolar effect gets suppressed due to enhanced
extrinsic carrier concentration and as a result the Seebeck coefficient keeps on increasing in the
temperature range of 323 — 673 K [Fig. 3. (b)]. Moreover, the absolute value of Seebeck
coefficient decreases in S2-S4 compared to S1 because of their higher carrier concentration. To
understand the change of conduction nature from extrinsic to intrinsic for all our samples high
temperature Hall measurements were carried out and results are plotted in Figure 4 (a). For S2,
S3, S4, a rather weak temperature dependence of carrier concentration (ny) over 300 K-660 K

confirms the extrinsic nature of conduction which agrees with the temperature dependence of
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Seebeck coefficient and electrical conductivity. For S1 and S5, ny increases at high temperature
confirming onset of bipolar conduction. For S2, S3, S4 the ny (at 300 K) is nearly constant with
a value in the range of ~ 2.4 — 2.9 *10%°, which is close to optimized carrier concentration for the
reported sample '3 [211. 17371 Zhu. Et. al. 328 plotted the expected linear relationship between the
ny and the Sb/Bi doping concentration, assuming dopant atoms are solely responsible for
extrinsic carrier concentration. The Fig. 4. (b) shows the report data on ny versus Sb/Bi doping
concentration and we have compared our results with the reported literature(s) [20) [36). [19, 22,27,
34,381 'We note that ny of our samples lies closely to the predicted theoretical data. Since the
samples prepared in this work shows excellent density (~ 97-99% of theoretical density ~ 3.2
gm/c.c.) therefore it can be concluded that Mg; is minimal in our samples which corroborates the

findings from FWHM of XRD peaks shown in Fig 2 as well.
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Fig. 4. (a) Plot of ny vs T of all samples. The continuous and dashed line connects ny obtained
during heating (filled markers) and cooling (unfilled star symbols) respectively. (b) Theoretical
prediction of expected ny with Sb/Bi doping assuming Sb/Bi is the sole electron donator. Our
sample remains close to this line when compared to literature.

In the Pisarenko plot of a vs ny [Fig. 5] it can be directly observed that the density of state

effective mass m* for S2, S3 and S4 is ~ 2.7-2.55 m, and shows good agreement between
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experimental data and theoretically calculated curves using Single Parabolic Band (SPB) model,
both at 300 K and 600 K. This essentially indicates temperature independent density of state
effective mass, at different carrier concentrations?- 231 in the temperature range of interest (300
K — 673 K). Comparing the Seebcek coefficient in Sb doped Mg,Si or Mg,Snl!% 20 371 with our
Sb/Zn doped samples, it can be concluded that band convergence is taking place and as a result
high m* is observed even at same carrier concentrationl!9-20122] Moreover, the high m* along
with its temperature independence in Sb/Zn doped Mg,Si,3Sn, ; ensures high Seebeck coefficient
from 300 K to 660 K with stable band structure unlike temperature dependent band convergence
seen in some of the thermoelectric materials like PbTe;_Se,[?%! or Mg,Gel3?. This high Seebeck
coefficient along with excellent high electrical conductivity (2900~3100 S/cm at 323 K) in our
Sb and Zn doped Mg 96Zng 04(Sip35n0.7)0.08Sbg 02 result in extraordinarily high power factor ~ 35-
45 pW/ecmK? at 323 K and ~ 57-61 uW/cmK? at ~ 600 K, which is significantly higher than the
previously reported values?'M?2. To gain further insight of the electrical transports
characteristics, results have been analyzed using single parabolic band (SPB) model which
assumes that the converged bands can be treated as a single parabolic rigid band with the
following assumptions: the density of state effective mass is carrier concentration independent

and the band structure remains unchanged upon dopant substitution.

14



¢+ Ref [21] Calculated
: ® S2 AS3, VS84 ... =
-.. '_'.® Ref [40] —--=-m*= 15me 300K
Yo —--—-m*=2mg 300K
(AN ---=-m* = 2.8mg 300K
—~~ @ . ".__ ------- m*=1meg 600K
§ 2007 W m* = 1.5me 600K
.-\ -\-. -... ..'n. ........ * =
= o e e m*=2me 600K
= o .\@c\-.. e e s m* = 2.8mg 600K
N . L PP
R
00 Y TRTO TR T e
-_\.- -‘\__\"'5 . -_‘-°;{-_-;:._.;=-_, ........

nH (X1020/c.c)

Fig. 5. (a) Pisarenko plot of a vs ny with m* as fitting parameter. The dotted line represents
theoretically calculated curve using SPB model and our samples S2, S3 and S4 are compared
with the literature reported values.

SPB is governed by the following set of equations:

Y R P A R PR 1 ®

a_e[Fo(n) U:F](U)—fo msn—kﬂ
»_ 3 Fos(MF_os5(m) 4)

-
4 F§m)
_ B _, Foos(n) (%)
0 =Ry »M=THNy, HH = K2R,

3 (6)

2m*kpT\?
n=4n 0z Fos(m)
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L= (@)2 3Fo(n)F2(n) — 4Fi(n) )
e F3(n)

where F(n)) is the Fermi integral of j-th order, 7 is reduced Fermi energy, ry; is hall factor, Ry = -
(1/nye) is the Hall coefficient, e is the electronic charge, ny is the Hall carrier concentration, n is
chemical carrier concentration, uy is the hall mobility, x4 is the carrier concentration independent
mobility, m”* is density of state effective mass, L is Lorentz no and h is Planck’s constant = 6.626
X 103* J-s. For the above calculation we have further assumed that the energy dependent

relaxation time of carrier follows:
_ E 4
T= To( _kgT) (8)

The parameter / is called scattering parameter ['l. We have assumed A = -1/2 corresponding to
the combined effect of alloy scattering (AS) and acoustic phonon scattering (AP)[!}23], From the
experimentally measured Seebeck coefficient and ny, L, m*, ry etc. were calculated. Below we

tabulate ny, L, m*, ry (extracted from SPB model) and v; (longitudinal velocity), v (transverse

3 1 2
velocity), vs (average sound velocity given by: IEEER ) measured using ultrasound

technique, for all samples, at 300 K:

Sample ny(/c.c.) ry L m*/m, Hu vy (m/s) vy(m/s) vg(m/s)
(108 (cm?/Vs)
V2/mK?)
S1 5.20x10'% 1.1723 1.50 2.04 87.93 5529 3390 3458
S2 2.96x10%° 1.0735 1.87 2.70 70.44 5269 3223 3290
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S3 2.67x10%° 1.0752 1.86 2.65 70.93 5283 3216 3284

S4 2.40x10%° 1.0878 1.80 2.55 90.8 5420 3114 3198

S5 1.65x10" 1.1457 1.58 1.25 108.76 5543 3330 3404

For S1 and S5, SPB model is not much reliable as onset of bipolar conduction starts at much
lower temperature due to their low ny 2%, It is important to note that for sample S2, S3 and S4
m* ~ 2.7 - 2.55m, was observed throughout 300 K-660 K (also observed from fitting of

Pisarenko plot) and it matches with the best reported m* in the literature?°21L.37] for this type

material. In addition to high m”, these samples also exhibit excellent y5 and to understand its

origin we have plotted the temperature dependence of iy, which provides strong insight on

underlying carrier scattering mechanism. From the Log [uy] vs Log [T] in Fig. 6. (a), we notice
Uy decreases slowly at low temperature followed by rather rapid decrease at high temperature. At
low temperature follows uy ~ 77 dependence suggesting alloy scattering (AS) contributes more
to the overall Hall mobility and thus [20- 25371, While at high temperature, acoustic phonon (AP)
majorly dominates the charge transport behavior implying rapid decrease in mobility and leading
to a temperature dependence of: uy ~ T7 (p ~ 1-1.5) (11, 371 In presence of both the AS and AP

scatterings Matthiessen's rule apply as [20 [371:

1 1 1 ©)
—=—+
u - ‘uph ualloy

Where drift mobility () is related to Hall mobility (un) via: g = rypy . In SPB model the drift

mobility due to AP scattering is expressed as:

P = \2meht  wv’p  Fo(n) (10)

3 2F1(n)
3(kpT)? Eqef?(m)? 2
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where v, is longitudinal velocity of sound, p is the density of the material, h is reduced Planck’s
constant, Eg.r is the deformation potential that describes the strength of electron-phonon

scattering and mj, is the average single valley effective mass related to density of state effective

2
mass m* via: m* = N 3mj,. In the case for Mg,Sij3Sng; band convergence produces N, = 6 20}

1371, In alloy or solid solution additional scattering mechanism i.e., scattering via fluctuation in
potential due to atomic level disorder also contributes in limiting mobility. The drift mobility due

to AS is expressed as:

16eh* Ny Fo(m) (11)

1 SF1
9\/27'[9((1 - x) (kBT)Z Ealloyz(m;;)z E(n)

'ualloy —
where Ny is the no of atoms per unit volume, x (=0.7) is the fractional concentration of Sn in the
solid solution and E g,y is the alloy scattering potential. To understand the reason of high uy

values, the temperature dependent drift mobility for S2, S3, S4 at different temperatures have

been used to solve for the Eq.r and E 4., and it has been found that a record low Eg.r ~ 8.0 - 8.1
eV and ultra-low alloy scattering potential Eg0, ~ 0.3 — 0.31 €V is responsible for the high

mobility in our samples. It can be easily seen that the experimental values fit very nicely with the

2.25 vy 250 -
Mg~ T (a) (b) e Ref[21]
= Alloy scattering w
") * Ref[42]
> 200 RN g ~T! __ 2004
o b e * Accoustic phonon scattering U! \
£ o ¥ > A -
o N x . 150 - AS _AP AS+AP
= 1.75- p 4 i N " ®  52: Mgy(Sio 1Mo 1)o0sSboz
§ e E v v g . A 53: Mg, 42N 45(Sig 55N 7005500 02
o B S1: Mg)Sig.3Sng 7 8 ‘ A ~ 100 - -.:'_:::.‘_"u. V S4: Mg, 56ZN0.04(Si0.35N0 7)0.98SP0.02
O 1.50 ® S2: Mgy(Sig.35n0.7)0.985b0.02 - :i': ¥l
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Fig. 6. (a) Log [7] vs Log [un] dependence and (b) uny vs T dependence of Mgy.
»Znax(S1935n0 7)1.,Sby samples. The solid lines are plotted assuming carrier mobility is only
limited by AS while dotted lines are plotted assuming only AP is present. The dotted-dashed
lines represent when AS+AP combined effects are present 291,

theoretical AS+AP curves [Fig. 6. (b)]. Moreover, it can be noted that the Zn doped samples
[Fig. 6. (a)] show lower AP scattering contribution towards mobility. It can also be observed that
Eger and E 4,y for these samples are temperature independent as the mobility values fits nicely
with the theoretical graphs generated at different temperatures using constant Eger and E g0y
potentials. It has been seen in literature that in different types of alloys like, n-type Mg,Si;.Sny
20} B7LI40], n-type Si;.Gey 24 411, PbSe . Te, 124} 26, n-type Gd;..Zn,Te [*! values of E 4. and
E q110y generally vary from 5-35 eV and 0.6-2.0 eV respectively. It should be mentioned that the
record low E g0y (~ 0.3 €V) in our samples indicate homogenous distribution of Si/Sn atoms in
the alloy matrix resulting in zero band offset between the light and heavy conduction band edge
and thus simultaneously ensuring high m* as well as minimal inter band scattering lead reduction
in mobilityl®”]. The negligible interband scattering 371 as well as inherent ultralow intraband
scattering [43] simultaneously result in very high mobility and the proper band convergence

ensures high m* and Seebeck Coefficient.
Theoretical electronic structure:

It is well known that the primitive cell of Mg,Si has an indirect band gap from ['—=X (Figure
S9)i44l. The X point of the primitive cell folds onto the I" point in the conventional cell making
the principal band gap to appear direct at I" point and similarly, the L point folds on to R point
[Fig. 7(a)]. This kind of folding of high symmetry points of primitive cell onto other high
symmetry points of non-primitive cells is common during electronic structure simulation[43): 461,

An underestimated band gap of 0.032 eV for Mg,Si is typical of DFT based calculations due to
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the considered approximations®l. The partial density of states (pDOS) reveals that Si ‘p’ states
form the valence band while ‘s’ states of Mg have dominant contribution in the conduction band
[Fig. 7(b)]*7). When Sn atoms replaced some of the Si atoms in Mg;Sij3Sny 7 still preserving the
original crystal structure, we see that the band gap vanishes in the electronic structure leading to
the onset of bipolar effect in the samples as observed experimentally [Fig. 7(c)]. The notable

feature in the electronic structure is the onset of convergence of bands at R point.
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Figure 7. Electronic structure and pDOS of (a, b) Mg,;Si (c, d) Mg;Sip3Sng; (e, ) Sb doped
Mg, Sij3Sny 7 (g, h) Sb and Zn co-doped Mg,Sij3Sng 7.

While Mg,Si had AE of 0.736 eV and 1.747 eV, respectively in the valence and conduction band

region between I" point and R point, in Mg;Si(3Sn, 7 it reduces drastically to 0.404 eV and 0.386
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eV respectively (Fig. 7(d)). This additional contribution from valleys at R point in addition to
that at T" point helps in increasing the effective mass m* by increasing N,[*3l. The p-DOS reveals
‘p’ states of Si and Sn in the valence band region and ‘s’ states of Mg in the conduction band
region [Fig. 7(d)]. This pattern remains the same even in the case of supercell of twice the size.
[Supplementary file: Fig. S10]. The electronic structure of Sb doped Mg,Siy3Sny; reveals the
increase in the band gap at I' point to 0.03 eV which helps to counter the bipolar effect in the
samples [Fig. 7(e)]. The AE values reduces to 0.194 eV in the conduction band region leading to
further increase in the m* values as observed experimentally due to increase in N,[8]. The
contribution of ‘p’ states of Sb is seen in the valence band region in the pDOS plot [Fig. 7(f)].
Hence, in addition to tuning the carrier concentration Sb doping improves the effective mass of
carrier the sample. It is very interesting to note that the co-doping of Zn along with Sb in
Mg,Sip3Sng; shows a unique electronic structure [Fig. 7(g)]. The band gap is further seen to
increase to 0.072 eV leading to elimination of bipolar effect. The conduction band edge shows
pudding mold band structure with a flat portion around I' point (responsible for enhanced m*)
and a dispersive portion[*’}: 121, Further, the band at R point shows hyper-convergence of 0.402
eV with pointy edge at the end. These features lead to increased mobility of the carriers and
slight decrease in m* with increase in Zn concentration. Further, the valence band edge shows
generation of multiple electron valleys beneficial for p-type conduction®. The pDOS reveals
hybridization of Zn ‘s’ and ‘p’ states with ‘s’ states of Mg leading to the formation of pudding
mold band structure (Fig 7(h)). When Mg vacancies are introduced (sample S5) the band gap
again closes leading to onset of bipolar conduction [Supplementary file:Figure S11]5. The

divergence of the band at R point possibly leads to decrease in the m* observed experimentally.

Thermal conductivity and Figure of merit ZT:
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The temperature dependence of i, vs 7 is plotted in Fig. 8 (a). The sample S1 being undoped
shows decreasing ki, up to ~ 450 K followed by an increasing trend due onset of bipolar
conduction. As shown earlier the Sb doping tunes the carrier concentration in S2, S3, S4 samples
making these degenerate in nature and x, showing decreasing trend with 7. In S5, vacancies at
Mg sites again make the sample bipolar in nature thus showing an upturn of #;., above 525 K. It
can be seen from the Figure 2 (b, c) that the Seebeck coefficient and electrical conductivity
remains appreciably same for S2, S3 and S4. The 2 atomic % Zn doped S4:
Mg 96Zng 04(S19.3Sn0.7)0.98Sbg.02 sample shows lowest xi, among all degenerate samples. The
high power factor along with lowest iy, results in a high ZT,, ~ 1.55 at 673 K for S4:
Mg 96700 04(Sig3SN0.7)0.98Sbg.02 sample, which is close to best reported value for this material 2!}
[22], Finally, Klatice TKbipolar 15 alculated by subtracting the electronic part of thermal conductivity
(Kelectronic = LoT) from ki, and plotted in Fig. 8 (b). From the arrow drawn in Fig. 8 (b), it is seen
that for all samples kjyice Shows T°03 dependence rather than 7*!' in the low temperature range
where xpipolar 18 negligible. This is due to the dominant phonon scattering through the alloying

induced point defect scattering of phonons rather than Umklapp scattering,(kjaice ~ 7+1) 1201 371,
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With Zn doping, &, decreases in S3 and S4 compared to S2. The Zn substitutions at Mg site

bring further mass and size mismatch, introducing strain in the lattice. In Fig. 8 (b). we see that

out of all degenerate samples, S4 shows lowest KiyicetKbipolar- Moreover, in sample S4 we notice

decrease of ~ 25% 1n KiaiceTXbipolar cOMpared to S2 at 300 K and ~ 18-20% at high temperature

up-to 673 K, which is generally due to scattering of short to mid-wavelength phonons (~ 3 -100

nm)21H2L5310 To further understand the origin of lowering of «o, morphology of the sample

was studied using TEM. From the TEM images shown in Fig. 9 (a) we see Moir¢ Pattern formed

which generally happens when there is a slight lattice mismatch (~ 0.01 A) among two different

regions of lattice, which is possible as Zn doped and undoped regions can have slightly different
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lattice parametersi>4- 331, From the marked region in Fig. 9 (a). FFT was generated and shown in
inset of 9 (a). where we see different dots (marked in red and white arrows) representing slightly
different lattice parameters. Using these dots IFFT images shown in Fig. 12. (b) and (c) were
generated respectively. In Fig. 9 (b) we see lattice plane without dislocations. However, Fig. 9
(c) reveals dense network of dislocations (marked with red) gathered around in a region of lateral
dimension of ~ 20/30 nm. These two planes with slightly different lattice parameters could
generate the Moiré Pattern. These were further analyzed via geometric phase analysis (GPA) 3¢}
[57] a semi-quantitative lattice image-processing approach that can reveal spatial distribution of
strain fields. The GPA combines both the real-space and reciprocal-space information where the
displacements are measured by calculating 'local' Fourier components of the lattice fringes in an
image 5¢1. Fig. 9 (d)-(e) show the analyzed GPA results of Fig. 10 (c), namely the component &,
and oy, of the strain. The strain mapping>®! shows strain regions comprising of the dislocation
core and elastic stress field around it of dimension ~ 10-15 nm. These extra high density of
dislocations embedded in the in the grains, randomly distributed dislocations along with the local
strain accumulation contributes strongly in scattering low and mid frequency phonons 2!} 321,
The significant reduction in xy.. due to lattice strains and mass mismatch acts as phonon
scatterers, thus reducing total thermal conductivity (~10%) compared to Zn un-doped samples in

the entire temperature range (300-673 K).

25



5 nm
[

5 nm

Fig.9. (a) HRTEM of S4. The region marked with yellow dashed square shows Moiré pattern.
Inset shows the FFT of the mentioned region, showing different (red and white colored) dots in
FFT representing regions with slightly different lattice parameters, (b) Using the diffraction
marks marked with red and white arrows, Inverse FFT is done and IFFT images (b) and (c) are
generated respectively. (c) Dislocations are marked with red colour in. (d) strain mapping in the
Xy direction (&) (€) and rotation tensor (wyy) is color mapped using strain++ software via GPA
(Geometric Phase Analysis). (f) An enlarged dislocation core and (g) strain (g,,) tensor around it
plotted with high intensity.

Fabrication of uni-leg device and evaluation of its efficiency:

To estimate the electrical power generation capability engineering figure-of-merit (Z7)cn, and
efficiency (77max) Were estimated for the optimized Mg; 96710 04(Sip3510.7)0.98Sbg 02 assuming cold

end temperature 7, = 328 K. The (ZT)epg and 77max is defined as follows[>%):
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(fTTCha(T)dT)ZAT (12)

( f;; " o(T)dT)( fTi " ktotal (T)dT)

(ZT)eng =

- (13)
(114 (ZT) eng ‘%C —1/2) ~bar
nmax = nmax
al 1+ (ZT)“,,,IQ(O‘/7 - 1/2) +1|—n.
AT =T, —T, (14)
A a(Th)AT (15)
o

f;; " a(T)dT

Where o(T,) po(T), Kiow(T), 1nc and gtrepresent temperature dependent Seebeck coefficient,
electrical resistivity, thermal conductivity, Carnot efficiency and a dimensionless intensity factor
of Thomson coefficient respectively.

The maximum ZT,,, of Mg 96Zn 04(S19.35n0.7)0.98Sbg.02 1s found to be ~0.69 where the
highest 7.« is determined as ~12% for AT of 382 K (7}, ~ 675 K, details given in Fig. 10(a)).
Finally, a uni-leg Mg 9¢Zng 04(Sip3Sn9.7)0.98Sbg.0» With metallized (Ag) ends was fabricated using
monobloc sintering process as shown in Fig. 10(b). For making electrical connections Ag sheet
of thickness ~ 150um were soldered to the thermoelement using high temperature solder. The
current-voltage characteristics and the output power of the uni-leg device (at a AT of 329 K) are
shown in Figure 10(C). The open circuit voltage (V) of the uni-leg device was found to be ~ 41
mV and at a load resistance (R) of ~ 0.7 mQ the maximum output power of ~505 mW was
obtained (Fig. 10(c)). From the V. value and electrical output measured at load resistance of 0.7
m{2 the total internal resistance of the uni-leg device was found to be (R;,) ~ 0.6 mQ. At matched

load of 0.6 mQ the maximum electrical output power (Pmax) produced by the uni-device can be
27



estimated using relation: V%C/ 4 R, and it was found to be 700 mW. The measured experimental
conversion efficiency (77,,,) of this uni-leg device is estimated by taking the ratio of electrical
output power (P,,) to heat flowing (Qy - 7W) across the uni-leg and the experimental 7 of ~ 9.5
% was obtained for AT = 329 K at matched load of ~ 0.6 mQ. The 77, calculated using (Z7)cn,
was found to be ~ 11.2% at AT = 329 K (Ty~ 657 K). The loss of efficiency by 15 % in
experimental device is attributed to the loss of power at contact resistance between the active
thermoelectric materials and various other interfaces including Ag electrode present in the uni-
leg device. The specific contact resistivity (pc) was estimated as per the approach described in
our previous publications and the value of p. was found to be 63 uQ-cm? (6%, The contribution
of total contact resistance (~0.1 mQ) to total uni-leg device resistance (~ 0.6 mQ) is found to be
17%, which is close to the above estimated efficiency loss. For an efficient thermoelectric power

generator the acceptable value of specific electrical contact resistance should be < 100 uQcm?

[19a]
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Figure 10: (b) Schematic showing monolithic sintering of the Mg 96Zng 04(Sip35n0.7)0.98Sbo.02
along with Ni buffer layers and metallic (Ag) contact layer at the ends. Inset shows the
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and

electrical

output  characteristics

Mgl.96ZH0.04(Si0.3Sl’lo])olggsb().()z uni—leg device at AT~ 329 K.
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Conclusions:

In this work, we demonstrate that the controlled synthesis of the Mg,Siy3Sn, 7 samples leads to
the homogenous distribution of Si/Sn atoms with negligible presence of MgO. The improved
Hall mobility in our samples are due to reduced inter and intra band scattering expressed by
record low Eger (8.0 - 8.1 €V) and Ejyjy (0.3 - 0.31 €V) potentials. The Sb doping helps in
reducing the #i,ice ang Optimizing the carrier concentration. With the help of DFT calculations, we
explicitly showed that dopant atoms can change the effective mass of carriers in the Mg;Siy3Sng 7
from 2.0m, to ~2.6m, thus demonstrating a little departure from SPB model in the doped samples
and confirmed experimentally. We further demonstrate that the Zn doping (up to 2 atomic %) at
Mg site changes the band structure by introducing hyper convergence at the R point of Brillouin
Zone, thus increasing the charge carrier mobility further up to 90 cm?/V.s. In addition, the Zn
substitution at Mg sites introduces high density of dislocations embedded in the in the grains of
Zn, Sb co-doped Mg,Siy3Sng; samples. These randomly distributed dislocations along with the
local strain accumulation contributes in scattering of low and mid frequency phonons thus
further decreasing xjgice by ~ 20% over whole temperature range (300-673 K). The overall
synergetic balance of electrical and thermal transport via Sb and Zn doping resulted in a very
high ZT ~1.6 (at 673 K) in Mg 96Zng 04(Sip3Sn07)0.9sSbgo> close to the best reported value.
Further proof of high Z7 is witnessed through the realization of impressive high efficiency of 9.5

% at AT~ 329 K in the uni-leg device of Mg1,96Zn0.04(Si0.3Sn0,7)0,98$b()‘02.
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