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Abstract

Herein, a l gH ” of 1.34 at 766 K and a record high average ZT above 1 in the temperature

range of 3&re attained in n-type PbTe by engineering the temperature-dependent

 EE—
carrier co:!entration and weakening electron phonon coupling upon Ga doping. Our

experime stu@ies and first principles band structure calculations show that doping with Ga

G

not only i s a shallow level impurity contributing extrinsic carriers, but it also imparts a

US

deeper impurity level that ionizes at higher temperatures. This facilitates engineering the

carrier co on to a value closer to the temperature-dependent optimum and thus

)

maximize§jthe power factor in a wide temperature range. The maximum power factor of 35

chm'leeved for the Pbg 9sGag oo Te compound, and the power factor maintains values
over 2 K broadly from 300 K to 767 K. Band structure calculations and XPS
analysis cQ te the amphoteric role of Ga in PbTe as the origin of shallow and deep levels.

Additionally, Ga doping weakens the electron phonon coupling, leading to high carrier

mobilitieshs of 1200 cm*V's. Enhanced point defect phonon scattering results in a

reduced lal conductivity. The work provides a new avenue, beyond the

conventiofial shallow level doping, for further improving the average Z7 in thermoelectric

£

materi

Aut
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1 Introduction

ThMic materials, directly converting heat into electricity and vice versa, have

attracted attention!"). The conversion efficiency of thermoelectric materials is

determigedbaethe dimensionless figure of merit Z7 = S?6T /(k.+kz), where S is the Seebeck

coefﬁcienh% electrical conductivity, 7 is the absolute temperature, and x, and x;, are

electronic@ce contributions to the thermal conductivity, respectively. Thus, an

thermoelemerial should simultaneously have a large Seebeck coefficient, high

conductivi low lattice thermal conductivity[z]. Since all transport parameters are

interdepe ieving a high ZT is extremely difficult. It should be mentioned that, for
amm—

practical applications, the efficiency of a thermoelectric device is determined by the

ZT of the material over the entire working temperature range instead of its maximum ZT'

value at a!ingle‘temperature. Therefore, in power generation applications, it is the average

over a bro erature range that must be maximized. Tremendous efforts have been

devote

Vi

mg the coupling among the transport parameters to improve thermoelectric

[3]

properties;”. Extensive experimental and theoretical investigations have demonstrated that

high thermoelectric figure of merit can be achieved by a two-pronged strategy. One is to

lower the

or

conductivity through the introduction of structural complexities that span

from atonfiC scale to mesoscale, such as forming solid solutions to enhance alloy phonon

g

scattering and degeloping nanostructures to increase interfacial phonon scattering!>™ **#,

t

However, cific solid, the thermal conductivity has a theoretical lower limit, the

so-called us limit, when the mean free path of phonons equals the shortest
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interatomic distance!®’. The second strategy to boost the figure of merit is of purely electronic

nature and consists of modulating the power factor, which is determined by the electronic

band struc! d scattering mechanisms, via, for example, an introduction of band resonant

levels, an ﬂof the band edge locations, and arranging for a charge carrier energy

ﬁltering- eiﬁ’ 81 1t should be noted that all the above strategies and the enhancement in

ZT are achjgvedmyith a tacit precondition of the optimized carrier concentration. However, for
®

a given m, , the carrier concentration that produces the largest thermoelectric figure of

merit is n

S

t in the whole temperature range and is always a function of the

temperature. Forfgxample, assuming single band conduction and using the classical statistics

U

equations a h approximation, the optimum carrier concentration n* for a given

material d

[t

n the temperature as n*~ T'~, indicating that a higher carrier concentration

is requiredito imizing the power factor at higher temperatures'”). This poses a challenge

al

for opt average ZT of the materials, since conventional doping usually introduces

impurity lev se to the band edge, called shallow level impurities, which are ionized at

VI

very low temperatures. As a result, the carrier concentration is almost constant in the extrinsic

region'™). Mlthough the carrier concentration increases rapidly in the intrinsic regime of

.

conductio rmally excited electron-hole pairs not only increase the bipolar

O

contribution e thermal conductivity, but also diminish the Seebeck coefficient, resulting

1

in a signi t reduction of Z71. It is well known that deep level impurity states, which are

L

conside eparated by at least 100 meV from the band edge, require higher thermal

energy and therely a higher temperature to be ionized in comparison with shallow level

U

impurity sta ], Therefore, deep level impurity states can contribute additional charge

A
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carriers at elevated temperatures, allowing for the tuning of the carrier concentration closer to
its optimum value over a broader temperature range. In addition, the deep level impurity
ionization 1 ses the population of the majority carrier, shifting the onset of undesirable
intrinsic ea higher temperatures. In both cases, this is beneficial for the high
N , . , ,
average ZSand the improved maximum efficiency. However, so far, very little systematic

work has borted focusing on the effects of deep level impurities on thermoelectric

properties.

Sincemlong been considered as a deep level dopant in the PbTe system, we chose
it as an examEle s investigate the effect of a deep level impurity on the thermoelectric

y ab initio calculations and experimental studies. A series of Ga-doped

Pb,.«Ga,Te (x=0~0.035) compounds were synthesized by vacuum melting-annealing
combined spark plasma sintering (SPS) process, and the effect of Ga doping on the
band s ¢ and the thermoelectric properties of Pb; \GasTe was assessed. Our

computats and experimental results demonstrate that Ga doping on the Pb site forms deep

impurity levels in the electronic band structure via the Ga 4s orbitals corresponding to the

Ga'" Valeh while the Ga®" states act as a shallow level impurity. Compared to the

Ga®* irnp is already ionized at low temperatures, the deep impurity levels of Ga'*

ionize at t res above 473 K, contributing additional electrons and tuning the

temper o dent carrier concentration at these elevated temperatures. The dual nature
of the dop, s for an additional knob to maintain the carrier concentration closer to the
optimal v ired for maximizing the power factor over a wider temperature range. In

additio@g enhances point defect phonon scattering and decreases the lattice thermal

This article is protected by copyright. All rights reserved.
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conductivity. All these factors are beneficial for achieving a high average Z7 in the measured
temperature range. The highest ZT of 1.34 was obtained at 766 K for Pbgos Gag o, Te, while at

the same tﬁmlting in a record high average ZT of 1.12 between 420 K and 865 K.

2 Results hcussion
2.1 Electrgd Structural Properties

To explore'the deep level impurity states in Ga doped Pb; GasTe compounds, we use
3x3x3 tiumTe primitive cell forming a supercell of Pb,;Te,; and have calculated the

electronicf@and structure of Pb,7.xGa,Te,7 (x=0, 1) compounds in the rock salt structure

(Figure 1(a)- Clearly, compared to pure PbTe, there are impurity gap states around the
Fermi lev are from Ga 4s and Ga 4p hybridization with Pb 6p and Te 5p states, as
shown and structure and projected density of states. It is necessary to mention that in the
Ga-do e system, as shown in the electronic DOS figure, the energy corresponding to the

red peak from Ga 4p is higher than that of the green peak from Ga 4s, suggesting the Ga 4s state

is slightlyhhﬂy bound and lies below the valence 4p state. In this sense, the Ga 4p

electron i @ asily transferred to the Te 5p band. Due to a relatively higher energy of the

Gadp itat£a impurities, after each donating one electron to the Te 5p band, form 2Ga*",

which dissociates Ento Ga" and Ga’", forming a mix valence state of the Ga dopant. Similar

[11

phenome been observed in In doped PbTe.!'!! The trivalent In substituted for divalent

Pb in PbTemmilis€tcate an n-type donor by giving two electrons by two In impurities with each

donati@ron to fill the valence band, which is predominantly Te 5p hybridized with

This article is protected by copyright. All rights reserved.
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Pb 6p. But, due to the In 5s state being lower in energy than the 5p state, two In impurities, after
donating two electrons to the Te 5p band, form 2In*", which in turn dissociates into In" and

conductio low extrinsic carrier concentration of ~2.5x10'® cm™.['*) Whereas for the

In*", furtherﬁ' ing the Fermi lever right in the middle of gap and showing an n type

Ga doped Bb; xGa,Te, the Fermi lever pinning is also detected but with a relative higher carrier

concentrat'@l x10" cm™.

To fu, rify the presence of deep level impurity states in the Pb; (GayTe compounds,
Figure l(m the temperature dependence of the Hall coefficient Ry for the Ga-doped
Pbo.ggGao.qI;Te s;ple, divided into three regions based on the slope. The first region is the
temperatu al of 300 K-473 K, the second region 473 K-723 K, and the third region
723-823 K, with a sharp change in the slope of Ry vs. T observed between each region. In
previous mith La-doped PbTe!” and iodine-doped PbTe samples, the

temper -dcpendent Ry was similar to that of a conventional highly degenerate

semico . The Hall coefficient is independent of the temperature in the extrinsic
transport regime, and in the intrinsic regime, the absolute value of Ry decreases significantly.

The temphependent Hall coefficient of the Pbg9sGag 0, Te sample seems to indicate

the forma @ deep impurity level in the electronic band structure, as only above 473 K is

the therr sufficient to ionize such deep levels.

In Weal the chemical state and shed light on the formation mechanism of the

deep levelmy, PbTe and Pby.9sGag g, Te were selected as typical samples for X-ray

photoelectron sii:troscopy (XPS) measurements. Figure 2(a) shows photoemission spectra

This article is protected by copyright. All rights reserved.
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of Pb 4f;,; and 4fs), core levels for PbTe and Pby 9sGag 2 Te, and Figure 2(b) shows
photoemission spectra of Te 3ds/; and 3d;/, core levels. The spectral peaks of Pb 4f;,, and 4fs),
core levelsH Te 3ds,; and 3d3,; core levels of both samples are symmetric, indicating the
expected s for both Pb and Te in PbTe and Pby 9sGag o Te. Regardless of Ga

content nQgshifts in the peak position of Pb and Te are observed, indicating that the chemical

environmeag o and Te atoms in the Pb, 1Ga,Te compounds has not changed. Binding
energies OQV and 142.2 eV correspond to Pb 4f;,; and Pb 4f;),, respectively. The spin
orbital cow are separated by 4.8 eV, indicating the valence of Pb in Pb; \Ga,Te
compoun@ e binding energies of 572.3 eV and 582.7 eV correspond to Te 3ds,, and Te
3dsp, respﬂ giving the spin orbital separation of 10.4 eV, and indicating that the valence

of Tein P e compounds is 2-. The de-convoluted spectra of the Ga 2ps/, core level and

Ga2pip am. in Figure 2(c) and Figure 2(d), respectively. As reference, we have

otoelectron spectra of Ga,Te; where the valence of Ga is exclusively 3+.

The peaks of 32 and 2py; core levels in the Ga,Tes compound are symmetric and can be
fitted by a single peak with the binding energy of 1117.8 eV and 1144.7 eV, respectively. In
contrast, tmks of Ga 2ps,; and 2p,; core levels in the Pbg 9sGag g, Te compound are
asymmetr@e much broader than in Ga,Te;, which indicates a mixture of valences in the
Pbg 9sGag o2 mpound. From the de-convolution, the Pbg 9sGag o, Te sample has two
chemical Sates in which the 1144.5 eV peak and 1117.6 eV peak represent the Ga®” state in

PbTe, W45.7 eV peak and 1118.8 eV peak represent the Ga'” state in PbTe.

Evidently, Ga’* i the main state, which is consistent with the n-type transport behavior of the

Gl

Pb;xGa,Te unds. The XPS results further corroborate that Ga is an amphoteric dopant

A
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in Pb;_Ga,Te with Ga®" as the dominant donor state while Ga'" forms a deep level impurity

that ionizes at high temperatures.

T

Figu hows powder X-ray diffraction (p-XRD) patterns for Pb; yGa,Te
(x=0-0.23 ingots after ice quenched in the water. The samples with x <0.03 are single phase
compoun(m cubic rock salt structure, within the XRD sensitivity. For samples with x >
0.03,a sw@m of a secondary phase PbGagTe) is detected. The calculated lattice
parameter ghogmyin Figure 3(b) decreases almost linearly with the increasing content of Ga
up to 0.03miﬁng that Ga successfully substitutes on the Pb site, consistent with the
previous results"d. In the sample with the Ga content of 0.035, the lattice parameter increases

due to the of the secondary phase PbGasTe)( (because it removes Ga from the PbTe

matrix). Figure 3(c) shows infrared absorption spectra for Pb, yGa,Te. After doping with Ga,

the band ost unchanged in the range from 0.26 eV to 0.28 eV (Supplementary
Figure igure 3(d) shows the room temperature carrier concentration as a function of
the Ga or Pb;.xGasTe compounds. The carrier concentration initially increases with

increasing Ga content but the concentration is far below the ideal line representing a fully

ionized sth, with a further increase in Ga, the carrier concentration becomes almost

constant 9 cm™. This is well known to occur in the Ga-doped PbTe system!"*"'* and
is referred rmi level pinning. As suggested by electronic band structure calculations
and th sis, a mixture of trivalent Ga’" and monovalent Ga™ states stabilizes the
Fermi lev ing to the unchanged carrier concentration. Doping with Ga induced the
deep levelp states which trapped the free electron, therefore pinning the Fermi level
below uction band minimum.!"* "> The same phenomenon has been observed with

This article is protected by copyright. All rights reserved.

9



other Group III elements (e.g., In) doped into PbTe that form a mixture of trivalent and

monovalent states.' 1%

Figu lays the temperature dependence of the electrical conductivity, Seebeck
coefﬁci-ent, an Bower factor of Pb; yGasTe (x=0-0.035) samples. For Ga contents up to 0.02,
the electriwuctivity increases in the entire temperature range as the content of Ga
increases. fAbovelk = 0.02, the electrical conductivity slightly decreases. Specifically, the
room tempgrajgmg electrical conductivity increases significantly from 54 Sem™ for the
Pb0‘995Gammple to 1943 Scm™ for the Pbo.osGag g, Te sample. Except for the
Pbg.995Gag s Te ple, all other samples behave as highly degenerate semiconductors with
their elect ductivity decreasing as the temperature increases. In contrast, the sample
with the Ga content of 0.005 displays a typical nondegenerate semiconducting behavior as the
electrical mvity increases with the increasing temperature and approaches the
maxim uc of 134 Scm™ at 685 K. At higher temperatures, the electrical conductivity
decrea on further careful examination of the temperature-dependent electrical
conductivity of samples with x > 0.005, the transport behavior can be divided into three
regimes, hg on the temperature range: The first regime covers temperatures below

570 K, the diregime describes the behavior between 570 K and 750 K, and the third

regime ﬁ to temperatures above 750 K. At the lowest temperatures, below 570 K,
the ele ctivity decreases very rapidly with the increasing temperature. In the
second re

becomes and the conductivity is almost flat. For some samples, such as

ween 570 K and 750 K, the rate of decrease in the electrical conductivity

Gag /P, the electrical conductivity even slightly increases with the increasing

This article is protected by copyright. All rights reserved.
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temperature. Above 750 K, the electrical conductivity resumes its larger rate of decrease as
the temperature increases. Actually, those three regimes basically coincide with the three

regions Shoﬁ. the temperature dependent Hall coefficient for Ga doped Pb, \Ga,Te. In the

first regi coefficient is almost constant, behaving as a highly degenerate

. H — , , ) . :
semlcondstor, whereas in the second regime, the deep level impurity which trapped
electrons m temperature releases them for charge transport. In the third regime, the

onset of in excitation starts to take over where the electron and hole pair participates in

the chargwn. All these produce the slope changes in the ovs T curve.

The t re dependence of the Seebeck coefficient of Pb; xGa,Te (x=0-0.035)
samples i@in Figure 4(b). The Seebeck coefficients of all samples are negative in the

entire measured Eimperature range, indicating an n-type transport with electrons as the

dominant arriers. Further increasing the content of Ga dopant, the absolute value of

the Se oetficient decreases for all samples. Specifically, the room temperature Seebeck
coefﬁEes significantly from -356 uVK'1 for the Pby 995Gag gosTe sample to -125
uVK'1 for the Pby 97Gag g3 Te sample. Except for Pbgg9sGag gosTe, the absolute value of the
Seebeck coe*wwnt increases as the temperature increases. For the Pbg 995Gag gosTe sample,
the absoluof the Seebeck coefficient initially increases with the rising temperature,
approa@ximum value of -387 pVK™" at 385 K, and then decreases with further

increase oithe terperature. Clearly, the temperature-dependent Seebeck coefficient shows an

inverse co$ with respect to the temperature dependence of the electrical conductivity,
c

and could Iflivided into three regimes based on the rate with which the magnitude

This article is protected by copyright. All rights reserved.
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changes with temperature due to the presence of deep level impurity states. A combination of
high electrical conductivity and large Seebeck coefficients results in high power factor oo of
the Pb; <G mpounds in the entire measured temperature range, (see Figure 4(c)). At
room tem maximum power factor of 3.49x10~ Wm™'K? is achieved with the

H I
Pbo,ggGao,sTe sample, while the Pbg9sGag 0, Te sample possesses a high power factor of over

20 chmg very wide temperature range from 300 K to 767 K. Such power factors

[7a, 17]

are much hi than those achieved in other n-type PbTe doped on the cation site with,

e.g., Sb, , La, etc., as shown in Figure 4(d).

To realnderlying physical mechanism for these extraordinary electronic transport

propertiesgiwve modeled the Seebeck coefficient and electrical conductivity, assuming a

simple parabglic band model and charge carrier scattering dominated by acoustic phonons:
kg 5
o - gaa?) 0
3 3
F(Z) uEx(©) @)

3
o~ M
h2 To
Here kg, rh o0 e, and my are the Boltzmann constant, the effective mass, the reduced
Fermi levé @ attering factor, a reference temperature, the elementary electron charge,

and the fr n mass, respectively. Combining the above two equations yields an

express1oa ort iSeebeck coefficient as a function of the electrical conductivity in the form:

a= —%B ln (TLO) +In(U) — ln(a)] 3)
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where C is equal to 17.71+r and is related to the scattering factor, and U is the weighted

3

(:: )2 u. According to the above equation, for a given material system,
0

mobilit

;

the value @ ial derivative =% should be equal to %B ~86.2 uVK'.

alna

Figu e) displays the relationship between the room temperature Seebeck coefficient

of sampleg’Pb, (W, Te and the natural logarithm of the electrical conductivity. For

C

comparisopg t lationships for Pb; \BixTe and Pb;SbyTe compounds are also plotted.ma]

S

For Pb,_,GaxTe®he slope is ~62.5 ;,LVK'l, while the slopes for Pb; \BixTe and Pb; ,SbyTe

J

compoun 9 uVK'and ~45.3 uVK'', respectively. Notably, all the values deviate

significanfly from the classical value of 86.2 uVK™', indicating that doping with Sb, Bi or Ga

N

considerab ts the weighted mobility, i.e., the carrier effective mass and the carrier

mobility.

a

g energy independence of the carrier mean free path, the Seebeck

coeffict degenerate semiconductor can be expressed by the following equation:

4

a=-mmT (%)5 )

[

where 7 is 11 carrier concentration. Room temperature values of the Seebeck coefficient
as a functi e Hall carrier concentration, the so-called Pisarenko plot, are shown in

Figure 4(#). It is evident that the carrier concentration dependent Seebeck coefficient can be

g

well de single parabolic band (SPB) model with the electron effective mass m* of

:

about 0.30"M, om temperature for all Sb-, Bi-, and Ga-doped PbTe. Thus, doping with

U

Bi, Sb, Ga does net change the shape of the band structure near the band edge. However, as

A
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noted above, doping with Ga, Sb, or Bi impacts the weighted mobility, ' which is

determined by the effective mass and the carrier mobility. Consequently, doping PbTe with

Ga, Sb, or Biexerts a strong influence on the carrier mobility. Using the measured Hall
coefficien ctrical conductivity, we have calculated the temperature dependent
N

carrier molility, = Ry o, which is shown in Figure 5(a). The Hall mobility for Pb; Ga,Te
(x=0-0.03 @0111’1(15 decreases very rapidly with the increasing temperature following a

trend line o , characteristic of the dominance of acoustic phonon scattering in the whole

temperatuw[lgl

To shmon the effect of Ga doping on the carrier mobility, the relationship between
the carrie@y and the carrier concentration is plotted in Figure 5(b), together with
some literature dSa for PbTe doped with Bi and Sb."'" The theoretical line, assuming a

single par nd and the dominant acoustic phonon scattering, is also indicated by a

solid i igure 5(b). As the carrier concentration increases, the carrier mobility
decrea ¢ to enhanced carrier-carrier scattering. At room temperature, the carrier
mobility of Pb;GayTe is around 1000-1300 cm®V™'s™, while the carrier mobility of
Pbl_bexThl_xBixTe compounds is only about 300-500 em?Vis! fora comparable
level of dViously, the carrier mobility of Pb; \Ga,Te compounds is much higher

than that W8b, Te and Pb; \BiyTe compounds with similar carrier concentrations,

indicat weaker scattering of charge carriers in Ga-doped samples.

Moreover,5 power factor of n-type PbTe is also strongly related to the carrier

concentration. Wath increasing temperature, the required optimum carrier concentration to

This article is protected by copyright. All rights reserved.
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maximize the power factor increases. loffe suggested that the optimum carrier concentration
n* is proportional to (m*7)*?, where m* is the density of states effective mass!’”. Later, Pei
et al. propo at the optimum carrier concentration for n-type PbTe should obey the
equation [ 00)*%x10"® cm™] with a stabilized reduced Fermi level of £=0.3,

I
accordings a single band Kane band model (SKB) and having acoustic (nonpolar) phonon

[74] Figure 5(c) shows the

scattering @8 th&gdominant phonon scattering mechanism
temperature endence of the carrier concentration for Ga-doped Pb; \Ga,Te compounds.
For compagi e temperature dependence of carrier concentration for high performance
La-doped PbTe dad I-doped PbTe having similar room temperature carrier concentrations as
Pby.9sGag o also shown. As mentioned earlier, with the increased Ga content, the room

temperatu concentration increases and saturates at ~1x10' cm™. It is evident that

the carrie@rations of La-doped PbTe and I-doped PbTe are essentially independent of
temper, mpounds behaving as highly degenerate semiconductors, except at
temperatureEe 723 K, where the carrier concentration starts to increase due to the onset
of intrinsic excitations. In the case of Ga-doped PbTe, however, the comparable large carrier

concentrasg is roughly constant in the temperature interval of 300 K-473 K, but then it

increases § above 523 K as the deep impurity Ga' " levels become ionized.
Subsequen the temperature interval of 723-823 K, the carrier concentration keeps on
increasing a slower rate due to the onset of intrinsic excitations.

Assurgi t doping with La, I or Ga does not change the conduction and valence band
edges, we onably associate the rapid increase in the carrier concentration of
Pb, <G pounds in the temperature interval of 473 K-723 K with the ionization of

This article is protected by copyright. All rights reserved.
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deep level Ga'" impurity states. These deep impurity levels created by Ga'* are obviously
P p

activated at a lower temperature than is the onset of intrinsic excitations, as one would

{

expect. As in Figure 5(d), the presence of the deep level impurity in Ga-doped

Pb; xGa,T s can allow the engineering of the temperature dependence of the

[ R,
carrier copgentration to values closer to the optimum, plotted as a solid line in Figure 5(d).

Although pet pegfect, the carrier concentration in Ga-doped PbTe is much closer to the

G

optimal co ation over a broad range of temperatures than what is typically achieved in

La- and I- d PbTe, the two reference materials where only shallow impurity levels are

S

present. This res@lts in much higher power factors of Ga-doped PbTe in comparison to other

U

n-type dope structures, as documented in Figure 4(d). It is worth mentioning that the

1

room tem power factor of Pbg99Gago;Te is higher than the power factors of our other

Ga-dopedfPb Te samples due to the relatively low optimum carrier concentration

d

require mperature.

2.2 Thermal Conductivity and Figure of Merit ZT

f

The

ature dependence of the total thermal conductivity of Pb, 4 Ga,Te compounds

is shown in Figure 6(a). As the temperature increases, the thermal conductivity of all

sample due to enhanced Umklapp phonon-phonon scattering. The thermal
conducwes its minimum value between 650 K and 800 K, depending on the carrier

concentration, a;s then it precipitously increases with the increasing temperature on account

of the o&imic excitations, which give rise to a strong ambipolar thermal
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conductivity term!™®. A notable enhancement in the total thermal conductivity with the

greater content of Ga is associated with the increased contribution of charge carriers to the

conductiv

thermal traiﬁ. Overall, the total thermal conductivity consists of the electronic thermal

ttice thermal conductivity xj, and the ambipolar thermal conductivity
I .. . .

Kpi. The elstromc thermal conductivity x. can be estimated by the Wiedemann-Franz

relation, xg# L& where o is the electrical conductivity and L is the Lorenz number.

Assuming a e parabolic band model and transport dominated by acoustic phonon

scattering, enz number L can be calculated from

2
: L:( k, jz (r+7/2)F,,5, (n)_{(;urs/z)FM/2 (n)} )
C e (r+3/2)Fr+1/2 (Tl) (”"‘3/2)Fr+1/z (T])
where, kz 1 Itzmann constant, e is the electron charge, r is the scattering factor (here,

again, r = -1/2), 1 is the reduced Fermi energy, and F,(7) is the Fermi integral defined as

n

F(n)=[~dr (©)

UsinMulated temperature-dependent Lorenz number and the Wiedemann-Franz

law, we c3 ate kit kpi, which is shown in Figure 6(b).

! kl+kbi =k—LO'T (7)
e

perature lattice thermal conductivity of the Pby 995Gag gosTe compound is

T

about 1.88 Wm™ K. As the content of Ga increases, the lattice thermal conductivity

Cl

decreases to m'K! measured for the Pby.97Gag 93 Te compound. The decrease is likely

A
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due to enhanced point defect phonon scattering, given that the Ga doping alloys within the
PbTe matrix up to 3 at% dopant level, according to the XRD results. As the temperature
increases, tice thermal conductivity decreases, following the trend in the total thermal
conductiv onset of intrinsic excitations, at which point the rapidly rising

. H —— . - :
amblpolarﬁermal conductivity term takes over. From the data in Figure 6(b) it follows that
the enhanmer concentration in more heavily Ga-doped PbTe assists in shifting the

onset of in excitations to higher temperatures. The Pby.¢7Gag o3 Te compound possesses

the loweswwrmal conductivity of 0.75 Wm 'K at 723 K.

The presenc® of deep impurity Ga'" states together with shallow impurity Ga®" states is

U

very effeccnhancing the power factor in Ga-doped Pb, GasTe compounds over a wide

compoun:

temperature range. Coupled with the reduced thermal conductivity, the Ga-doped PbTe
mﬁgh ZT values of as much as 1.34 at 766 K, shown in Fig. 7(a), which is

compa with other single-doped PbTe (Fig. 7(b)).l"> ' "] More important, the much

superi 1 factor, particularly at temperatures below 650 K, results in a record-high

average ZT value of 1.03 for Pbg 9sGag o Te over the temperature range from 300 K to 865 K

and an evh average ZT value of 1.12 for Pbg9sGag p,Te over the temperature range

from 420 K. This average ZT value is considerably higher than in the previous
studies rth dopands, such as I, Sb, Bi, and La (Fig. 7(c)) . /"> 7 "]

3 Conclusions s

<
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In this work, we have documented the amphoteric doping nature of Ga in Pb; (GaTe.

Combining first principles calculations with experimental investigations, we have shown that

I

doping Ga i bTe gives rise to two kinds of impurity states: shallow levels associated with
the Ga®* sap levels due to the Ga'” state. The presence of deep Ga'*-derived levels
allows :s SeTgineer the carrier concentration to match more closely the optimum carrier
concentratign réguired for maximizing the power factor over a wide temperature range.
Furthermogoping surprisingly weakens electron-phonon scattering, leading to large
carrier mo@ilifiesfobserved in Ga-doped PbTe compounds. At the same time, Ga doping
decreases the Tatfice thermal conductivity as it enhances point defect phonon scattering. As a
consequenﬁk ZT of 1.34 at 766 K and the record-high average ZT of 1.03 were

obtained 1 perature range of 300 K-865 K. Our work provides a new avenue for

optimizinformance of thermoelectric materials beyond the conventional shallow

level d hink that by exploring dual-role dopants that can form both shallow and

deep impurit | states, the power factor of many materials can be improved over a broad

range of temperatures.

4 Experi-Qection

S)@igh purity elements: Ga (shot, 99.99%, Sigma-Aldrich, US), Pb (wire,
99.99%, n elements, US) and Te (shot, 99.999%, Canada) were weighed and mixed

according to the syminal composition of Pb; xGa,Te (x=0-0.035). Stoichiometric quantities

of the e%re sealed in evacuated quartz tubes and slowly heated up to 1373 K and
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held at this temperature for 24 h. Subsequently, the ampoules were furnace cooled down to
873 K and held there for 48 h and then quenched in ice water to room temperature. For a
typical expeziament the following amounts were used: Pb (9.1728 g, 44.27 mmol), Te (5.7642
g,45.17 “ﬁ}a (0.0630 g, 0.90 mmol) to prepare a 15 g ingot of PbgosGag g, Te.

[ —

The obtained ingots were hand-ground into fine powders using a mortar

and a pestle. Thejpowder was then sintered by spark plasma sintering (SPS) at 823 K under a

SCE

pressure 0 a in a vacuum to obtain fully-densified bulk samples.
The phase structure of samples was examined by powder X-ray
dlffractlo 1s (XRD; Rigaku Miniflex powder diffractometer, CuK ). X-ray

photoelec n spectroscopy (XPS) of PbTe and Pbg 9sGag g, Te was conducted on a Thermo

Scientific mAB 250 Xi spectrometer equipped with a monochromatic Al Ka X-ray

source (14 ) operating at 300 W. Samples were analyzed under ultra-high vacuum (P <
10—8 mbar) Withya pass energy of 150 eV (survey scans) or 25 eV (high-resolution scans). All
peaks ted with C 1s peak binding energy at 284.7 eV. The experimental peaks

were ﬁttetwith Avantage software.

Ther, @ ric Properties: The electrical conductivity and the Seebeck coefficient
were measured at the same time using the ZEM-3 (Ulvac Riko, Inc) apparatus under a helium
atmos 00 to 873 K. The thermal conductivity was calculated according to the
relationMCpp, where D, C, and p are the thermal diffusivity, the heat capacity, and

the densitxI of bus samples, respectively. The thermal diffusivity (D) was measured using the

laser ﬂq(LFA 457; Netzsch) in an argon atmosphere (Supplementary Figure
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S2). The heat capacity (C,) seeing Supplementary Figure S2 is estimated from the

relation Cl/kb per i\tom=3.07+ (4.7x10*x (T-300)), and the sample density (p) was

calculated de mass of the samples and their dimensions (Supplementary Table

S1).
H

Hall hements: The high temperature Hall measurements were performed in a

[ 4

home-made apparatus in an argon atmosphere. The Hall resistance was monitored with a Linear
——

-

Research ac resistance bridge (LR-700) operated at 17 Hz, and the data were taken in a field of
\ "4

+0.5 T provided by an air-bore Oxford superconducting magnet. The carrier concentration n and

L

the carrie y uy were calculated according to equations: n = 1/eRy and uy= oRy.

N

Band Structure Calculations: The total energies and relaxed geometries of Ga- doped

PbTe with

o

om cell (PbysGaTe,;) were calculated by density functional theory (DFT)

within the alized gradient approximation (GGA) of the Perdew-Burke-Ernzerhof

Y

exchan' on functional with Projector Augmented Wave potentials.”” We use

periodic B§undary conditions and a plane wave basis set as implemented in the Vienna ab

i

initio sim @ ackage[zl]. The total energies were numerically converged to approximately

3 meV/cati ing a basis set energy cutoff of 500 eV and dense k-meshes corresponding to

4000 K reciprocal atom in the Brillouin zone. Due to the heavy atomic species, the

{

spin-orbit effects were considered in the band structure calculations.

U
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Figure 1: 'hegulated electronic band structures of Pb,7.xGa,Te,7 (x=0, 1): (a) x=0; (b)

x=1.C ng with pure PbTe, gap states are induced from a hybridization of Ga 4s and Te
Sp states. (¢ ibutions to the density of states of PbysGaTe,; by the 6p orbital of Pb, 5p
orbital bital of Ga, and 4p orbital of Ga; (d) Temperature dependence of Hall

coefficient of Pb;.<GasTe. La-doped PbTe and I-doped PbTe both with the room temperature
carrier coientration of 1x10" ecm™ are also plotted for comparison.
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temperature Seebeck coefficient as a function of carrier concentration n for Pb, 1Ga,Te. The
black solid line, the blue dotted line, and the red dashed line are the theoretical Pisarenko
plots WWtiVG mass of 0.25 my, 0.30 my, and 0.35 m,, respectively.
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Figure 5: Merature dependence of the carrier mobility for Pb;.«Ga,Te. The black solid
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dence of the carrier concentration for Pb; \Ga,Te. Temperature-dependent
carrier confcentrations for n-type La-doped PbTe, and I-doped PbTe having the room
temperature carrli’r concentration of 1x10' cm™ are plotted for comparison. (d) Temperature

depend carrier concentration for Pb; yGa,Te (x=0.025, 0.03).

Temperat ndent carrier concentrations for n-type La-doped PbTe and I-doped PbTe
both Wlth temperature carrier concentration of 1x10'® cm™ are plotted for
comparison lack solid line is the temperature dependence of the optimum carrier
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concentration calculated by the equation 7*=3.25(7/300)>*x10"® cm™ with a stabilized

reduced Fermi level of € =0.3, according to the single Kane band model. Clearly, the carrier
concenWa-doped PbTe are closer to the optimal concentration than in the case of
b

La- and I-ﬂ%.

(b’)\ 2.0
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Figure 6: gerature dependence of the thermal conductivity of Pb;.«Ga,Te compounds;
(b) Temp

compoun:

ependence of the lattice thermal conductivity of the same Pb; \Ga,Te

nset of bipolar conduction above about 650 K is vividly demonstrated.

d
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PbTe, La- Te, Bi-doped PbTe, and Sb-doped PbTe. Clearly, the present Ga-doped

PbTe is suﬁp to temperatures of about 600 K. (¢) Comparison of the average Z7T in the

th

measured tempergture range with the same compounds as in (c). Ga-doped PbTe achieves a

record-hig averige ZT in excess of unity over the interval from 300 K to 865 K.
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