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®
Abstract \

A comprehensive study ther lectric effect of Ag substitution in GeTe solid solutions, a
congenital base f higifi t TAGS-m [(GeTe)m(AgSbTes)i00-m] thermoelectric materials, was
performed. Fingt=p es calculations were carried out to probe the changes arising from doping on the

an ucture of GeTe, which exhibits a rhombohedral (r) structure at temperatures lower

than 700 Aliovalent Ag substitution in GeTe increases the hole concentration and decreases the
thermoelectric figure of merit (zT) due to the reduction of the Seebeck coefficient, which is ascribed
mainly to the lowering of the Fermi level together with the loss of band degeneracy. Band structure and
effective mass calculations of these doped materials also point to a soaring contribution from several hole
pockets in the valence band. First-principles calculations carried out with two other group-11 transition

metals (Cu, Au) reveal that silver substitution has the lowest impact on the thermopower of r-GeTe. A
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mean zT of ~0.85 at 773 K is achieved for Ge1xAg«Te (x < 0.04) solid solutions. The study highlights the
limits in doping just a coinage metal to GeTe and recapitulates the need for pair substitution to enhance

the thermoelectric properties of GeTe-based solid-state solutions.

1. Introduction

The global need for energy management, particularly the conversion of wWaste hé
becoming increasingly important owing to recent environmental and gy e 3. Among the
several approaches for solid-state compound conversion between h@at and electfiity including fuel cells®,

photovoltaics®, batteries® and supercapacitors®, thermo

ctr evices have significant potential in

tackling the challenges of energy sustainability o ures: extensive lifetime, highly

reliable and scalable, environmentally fr , quiet, r maintenance costs, etc. “®. The
thermoelectric material’s potential to rt ste heat into electricity is quantified by the
®
dimensionless figure of merit zT as gj b uatio (1),
S2oT
zT =
Ktotal
' (1)
where Kt re tHe Seebeck coefficient, electrical conductivity, temperature, and total thermal

condt Vo) res ively.

The fact that®these thermoelectric transport properties are highly interrelated, throws a greater challenge
in enhancing zT. Advances in recent times show that it is feasible to enhance zT by a number of

114, nano-

approaches: Quantum confinement of electron charge carriers '%; synergistic nano-structuring
inclusions which enable acoustic phonon scatterings *>; electron filtering '’; convergence of electronic

band valleys 2% fostering resonant levels by impurities inside the valence band 2; alloying to create



point defects %22%; and complex crystal structures like skutterudites 2*?>, Zintl compounds 2*?7, hetero-

structured superlattice thin-films % and even semi-conducting glasses 2°-32,

Amongst the state-of-the-art thermoelectric materials, the extensively studied PbTe based materials are
limited by their toxicity for any practical applications, despite their high zT. Recently, GeTe based materials
have emerged as a clear alternative choice. GeossPbo1sTe with/without doping of 3 Bi;Tes have

reportedly shown an impressive zT ~ 2 in the temperature range 700-773 K due h ody ically

driven phase segregations and band convergence caused by the donor dop f Biand Pb 33~

36 However, the concentration of Pb is still quite high (hazardous) es ials. High zT values
around 750 K have been attained by simple solid-state substituti & y 10 mol% Sb (zT ~ 1.8)
37,6 mol% Bi (zT ~ 1.3) *8, 5 mol% Mn (zT ~ 1.3) *°, 2.5 mo Sr%% b (zT ~1.2) **and 2 mol% In
(zT~1.3) %L

Other well established classes of high perfogmanceimaterials involving carrier and phonon engineering of

GeTe are the so-called TAGS alloys witl,.co GeTe)«(AgSbTe,)1x exhibiting zT values of more than

1 427%_ Similar values of nges (600-800 K) were achieved for different isovalent

substitution of TAGS, e.g., tutionWef Ag* by Li* %, Sb* by In* %, Ge* by Sn* * and aliovalent

substitution of GeZ, Dy’. Sb%apd Ag are the principle dopants in TAGS. Several studies have clearly
explained the §fru andythermoelectric properties of the Ge-Sb-Te system, to emphasize the role of
Sh i % 05Tut not much information is available for the Ge-Ag-Te system. Very recently, Levin >2
reported S@me interesting findings by correlating variations of the Seebeck coefficient with 1*>Te-NMR
results on GeTe based materials, where a small concentration of Ge was substituted by Ag and/or Sb.

However, there have been no reports on the complete thermoelectric properties (zT calculations) of Ges.

«AgxTe (0 £ x<£0.1) compounds.



The crystal structure of GeTe-based compounds undergoes a second-order phase transition from
rhombohedral symmetry (low temperature phase) to cubic symmetry (high temperature phase) at around
700 K 3544 Some previous theoretical calculations of density-functional theory (DFT) type carried out on
pristine GeTe suggest the presence of a large number of Ge vacancies leading to high concentration of

holes in the valence band >3, and the displacement of Ge and Te atoms as the main reason for the

structural transition >4, Hoang et al. *° performed first-principles calculations by assumi rockssalt NaCl-
structure for GeTe to provide some insights on the role of dopants in TAG’aIon band structure
calculations on the rhombohedral phase (below 700 K) of GeTe have noiff€en oit@duntil recently .

The goal of this article is to exclusively elucidate the effects of parti eplacing Ge by coinage metals (M
= Cu, Ag and Au) on the band structure and transport pr % bohedral Ge1.xM«Te system.
i for

of p-type GeixAgxTe high quality

state solutions also exhibit a low lattice
thermal conductivity of ~1 W/mK a‘773 K wi er high performance TE materials. The decrease

in zT with Ag content is primarily atkki d he reduction of the Seebeck coefficient, which arises due

to the following reaso sulstitutioy of Ag* at Ge?* site in GeTe enhances the p-type carrier

concentration due to the ali ent nature of Ag*with respect of Ge?’; (ii) the loss of band degeneracy;
and (iii) the lowe Fermilevel (Ef). The distinct increase in the electronic part of the thermal

A ing plays also a role in the reduction of zT. The transport properties of GeTe

n
ggomp within a semi-classical approach show that among the coinage metals (Cu, Ag and

Au), silver olgperforms the others.



2. Materials and Methods
Reagents

Ge (Umicore, 5N), Te (JGI, 5N) and Ag (Alfa Aesar, 99.999%) were used for synthesis without involving

any further purification process.

Synthesis

Samples of Ge1xAgyTe (x = 0.00-0.06) solid-state solutions were synthesize?u 'ngm aled tube

melting processing. Appropriate stoichiometric amounts of the starting err& €, Ag and Te were
ith

introduced into a fused silica tube that had previously been cIea& ofluoric (HF) acid and
distilled water and dried under vacuum. The ampoules Were undePa vacuum of 10°® Torr, then

er a period of 12 hours, then held at that

placed in a rocking furnace and slowly heated up to

temperature for 15 hours and slowly cooled n to room temperature over 12 hours. The obtained
ingots were cut and polished G r red@ysha and dimensions for various thermoelectric
measurements.

Powder X-ray diffraction

X-ray diffraction ( at’ns webe recorded at room temperature in the 26 range 15-120° with a step
size of 0.0262 and n time per step of 400 s using a PANalytical X'Pert Pro diffractometer (Cu K-L;3

1. A, PIXcel 1D detector). Ge1,Ag,Te lattice parameters were estimated from Lebail-

its carried out with the Fullprof program using on the hexagonal cell of the R3m space group

and the Pseudo-Voigt profile function *’.

Hall measurements

The Hall measurements were carried out at room temperature using a home-made four-point probe setup

(Van der Pauw method), where a fixed magnetic field of 0.112 T and dc current of 15 mA was applied. The



measurements were made on square-shaped samples of dimensions ~5x5x2 mm3. The carrier
concentration (n) and mobility (1) were computed from carrier sheet density (ns), sheet resistance (R:)

and Hall Voltage (Vu) using the following equations,

IB (2)

ne=nxt=——
y e|Vyl

4= Yen,y) e

where e, B, | and t are the charge of the electron, magnetic field, curre*and

e sample,
respectively. The values of carrier density obtained were quite consisten ha deviation of less
than 2%.

Electrical and thermal transport
The electrical conductivity and Seebeck coefficients measured simultaneously from room

temperature to 773 K using a commerci ent (LSR-3, Linseis Inc.), in He atmosphere. The

measurements were made on parzﬁe samples of dimension ~10 x 2 x 2 mm?,

The thermal diffusivity astked fromjroom temperature to 773 K using the laser flash diffusivity

method in a Netzsch LFA-45 rument’Disc shaped samples of 10 mm diameter and ~2 mm thickness
were used for the rﬁents. e heat capacity, C,, was derived using the Dulong—Petit relation as in

equation (4)
C, = 3R/M (4)

where R is the gas constant and M is the molar mass. Dulong—Petit relation holds well for such materials

41,47,50,58,59

The total thermal conductivity k was calculated using equation (4),

Ktotal = DCpp (5)



where p is the density of the sample. The density of the discs was measured using Archimedes’ principle.

The uncertainty in the results for the values of electrical and thermal transport properties are ~5% and

~7%, respectively. Error bars are not shown in the figures to facilitate the readability of the curves.
Microscopic analysis

Scanning electron microscopy (SEM) and Energy Dispersive X-Ray Spectroscopy ( an is were

performed using a JEOL JSM 7100F microscope on polished bulk surface Sthe s @

Computational procedures \

DFT geometry optimizations of MyGeixTe (x = 0.00, 0.042; Au) Were carried out with the

CASTEP16.1 % code using the GGA PBE functional ectighs were added in the calculations

within the scheme proposed by Tkatchenko and Scheff order to model the crystal structure of
Mo.042Geo sssTe, a supercell (2 x 2 x 2) was built he hexagonal cell of GeTe. The P-3m1 (No. 164) space

of MoosGeoossTe were a-soft pseudopotentials were generated using the

group was considered for both MX&el. Temode = 0.00, 0.042). Cell parameters and atomic positions
OTF_ultrasoftpseudopote eratogincluded in the program. The cut-off energy for plane-waves was
set at 500 eV. The electronigfwaveé)function was sampled with 110 k-points in the first Brillouin zone using

the MonkhorsgzPa hod®. For the electronic band structures, we used the full-potential linearized

ave (FLAPW) approach, as implemented in the WIEN2K code ®. For comparison, the

wave cut-off corresponding to RurKmaex = 7 was used. The radial wave functions inside the non-overlapping
muffin-tin spheres were expanded up to /max = 12. The charge density was Fourier expanded up to Gmox =

12 A1, Total energy convergence was achieved with a Brillouin zone (BZ) integration mesh of 500 k-points.



The carrier effective mass (m*) was derived for each sample using the measured room temperature
Seebeck coefficient (S) and the carrier concentration (n), and considering a single parabolic band model
6566, The chemical potential (1) can be estimated using equation (6) with A = 0 (acoustic-phonon

scattering), where Fj(i) are the Fermi integrals given by equation (7). The hole effective mass can then be

(6)
) Q

©  gdg (7)

Fj(u)=f0 11 eGm S\

Q ’
, Au;%*= 0.04) were calculated within the

Boltzmann Transport Equation (BTE) with con t relaxation e for the electrons t and a rigid band

determined from equation (8).

=&{w_ |
e LA+DEW

h2

structure approximation,®”%as im*me ted inthe ap-1.2.5 code ®°. 10,000 k-points in the BZ were

used to compute the band derivati theydensity of states for the transport calculations.

3. Results and Discussion '

so ) e (x=0.00, 0.01, 0.02, 0.04 and 0.06) were synthesized by vacuum sealed-

cessing. Figure 1a shows the room temperature X-ray diffraction pattern of all the samples.
Sharp reflectiens indicate the polycrystalline nature of the synthesized ingots. All the main reflections
could be indexed based on a rhombohedral GeTe structure (PDF#47-1079, R3m space group). Minor
reflections of Ge impurities can be detected in some samples. The rhombohedral phase is further
confirmed by the presence of double reflections®*3” [(024) and (220)] in the range of 26 values between

41° to 44°. As shown in Figure 1c, a progressive evolution of the lattice parameters a (decreasing trend)



and c (increasing trend) is observed upon increasing Ag content leading to a continuous decrease of the

hexagonal cell volume, as illustrated in Figure 1b. The linear evolution in the lattice parameters for x =

0.00 — 0.04 follows the solid-solution Vegard’s law, as Ag is progressively incorporated into the GeTe

crystal structure.
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RD patterns for Ge1..AgxTe samples, (b) hexagonal cell volume vs. Ag

ation, and (c) evolution of a and c lattice parameters with Ag content.

In our experimental conditions, the maximum solubility of silver in the rhombohedral GeTe phase appears

to be between 4 and 6 mol%, as a cubic phase (Fm-3m space group; a = 5.9118(9) A) starts to appear for

values of x > 0.06. This secondary cubic phase was identified as (Ag,Ge)Te, as the estimated lattice

parameter is smaller than that of undoped cubic GeTe (a = 6,02 A) **7°. Microscopic data also supports

the PXRD results (refer ESIT Figure S1).



The electrical and thermal transport properties of Ge:xAgxTe samples for the values of x = 0.00 and 0.02
are pretty much close to x = 0.01. Hence, for better visibility, only values of x = 0.01, 0.04 and 0.06 are
depicted in the forthcoming graphs and sections. The room temperature values of carrier concentration

(n) and mobility (1) obtained from Hall measurements using equations (2) and (3) are reported in Table 1.

Table 1. Hall measurement results (at ~300 K) of carrier concentration, mobility, and ¢ ed effective
mass for Ge1..AgxTe samples.
« O\
y N
X Carrier Concentration, n Mobility, p Effective mass, m*
(cm3) (em?vist) (me)

0.01 1.39x 10%

0.04 2.74 x 10%

0.06 2.52 x 10%

®

Holes are the major charge carrier e)as theWall voltage is positive in these samples. The carrier

concentration value at r ases with increasing Ag content, due to the aliovalent Ag*

at the Ge?* site in GeTe, whic es rise to extra mobile holes in the system. In pristine GeTe, a Ge vacancy
has very low for r!gy and’is the most easily formed intrinsic defect %%, The addition of Ag to
GeTe gan fu rd as is vacancy formation energy, thereby leading to a large density of carrier

conc s. temperature-dependent electrical transport properties of Gei«AgsTe are shown in

Figure 2. Thejelectrical conductivity of all the samples decreases with increasing temperature (Figure 2a),

31373871 As expected, the room

which is the archetypal behavior of degenerate semi-conductors
temperature hole mobility (1) decreases with the increase in Ag concentration (Table 1) due to an alloy

scattering mechanism, which usually comes into picture in such a case of doping 313372, Besides alloy

scattering, the low [ in GegasAgoosTe can also be attributed to the presence of an additional cubic phase.

10
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Figure 2. Temperature-dependen ec | conductivity (o), (b) Seebeck coefficient, (S), (c) Power

Ge.AgeTe (x = 0.01-0.06) solid-state solutions.

Figure 2b shows the temp?t e-dependent Seebeck coefficient results. S values being positive for all

the compositio entire temperature range, indicates p-type charge carriers, which is consistent
with sure esults. The thermopowers of Ge1..AgxTe show a steadily increasing trend with
temp . With intreased Ag content, the change in S values at room temperature is not much evident,

but they decredse significantly with increasing temperature. At 773 K, the S value for Geg.gsAgo.01Te is ~163
uV/K. It reduces to ~120 pV/K for GeoasAgoosTe at the same temperature. It is understood that the doping

of Ag in GeTe decreases the S value, as it drastically inflates the free carrier concentration.

11



Mention must be made on the fact that the presence of minor proportion of secondary Ge phases
(impurities) in the samples of GeixAg«Te (x = 0.01 to 0.04) has no significant impact on its TE

properties3®:3741,

The temperature dependence of the power factors (S%c) for Gei,Ag«Te are depicted in Figure 2c. The

sample with x = 0.01 shows a power factor value of ~0.47 x 103 W/mK? at 310 K, which to ~3.7x1073

W/mK? at 773 K, whereas the sample with x = 0.06 exhibits a lower power factg x 1073
®

W/mK? at 310 K and ~2.9 x 10 W/mK? at 773 K. Reduction of Seebeck coeffiien ontent due to

local electron imbalance considerably affects the thermoelectric pow t

Using the experimental data, the effective masses of GegAgyT eSare estimated using equation (8)

and are listed in Table 1. The values of m* given stimate, as the calculation considers

only a single parabolic band for simplicity. Accurate evalu f m* for GeTe based materials is quite

complex, as their conduction band struc ot only anisotropic (different along transverse and

®

t a
longitudinal directions) and non-parakolicbut have a unique corrugated structure in the doping
range near the band ed K;\f vered in the parabolic band models”™. m* increases
e (Mmei§the free electron mass) with increasing Ag concentration from

gradually from 1.84 m. to

hi
0to 6% (Table 1). P 4

In or y thegeffect of germanium substitution with silver in rhombohedral GeTe (r-GeTe), DFT
calcu ere@arried out on Agoos,GeoosssTe model structure (as it is close to the experimental
compositio revious computational studies on amorphous and cubic GeTe (c-GeTe) showed that the
formation energy (to form a defect) becomes lower when Ag atoms replace Ge ones’*”>. The DOS

computed for r-GeTe and Ago.042Geo.ssTe are sketched in Figure 3.

12
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Substituting divalent Ge with monovalent Ag decreases, the r lectrens and, assuming a rigid
band model, shifts the Fermi level downwards. DOSAat the Fermi level significantly
increases in agreement with the enhancement of charg r density upon increase of the silver vs.
germanium ratio in the solid solution. Accordin e Boltzmann equation, the carrier concentration and

the Seebeck coefficient have an inv&s relations so an improvement in one will result in a degradation
of the other. This is consi ith'the ease of the Seebeck coefficient measured with the increase

of silver content. Kanatzidi

owedthat the electronic structure of c-GeTe is perturbed by impurities

in the concentration range @f 1%§>. As observed in Figure 4, upon substitution of Ge with Ag in r-GeTe,
band degener alence band maximum (VBM) and conduction band minimum (CBM) of the host

d and band splitting occurs in the presence of silver in GeTe. In the band structure of

band. This reinforces the decrease of the Seebeck coefficient with Ag content.
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the increasing contributionjf several hole pockets in the valence band of Ago.0s.GeosssTe, as expected

%Iectronic Mo.0a2GeosssTe (M = Cu, Au) compounds were studied in silico. As
log, ution of one Ge by a group-11 transition metal hardly modifies the crystal

. DOS of Cug.042GegssTe and Auos2GeosssTe models (Figure S4, ESI) look very similar

from its band

to that of the'Silver analogue shown in Figure 3. In order to evaluate the impact of Ge substitution with
group-11 elements, the electronic part of the transport properties was computed using a semi-classical
approach. The Seebeck coefficient as a function of the chemical potential is shown in Figure 5. Irrespective

of the carrier concentration, the Seebeck coefficient is higher for silver-doped GeTe compared to its gold
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and copper congeners. This is consistent with the DOS of Mg.042Geo.sssTe (M = Cu, Ag, Au), as sketched in

Figure S4 (ESI?).

400

200 +

S (V/K)
o

-200 -

-400 |

-0 0 01 02 03 04 05 06 0.7\
1 (eV)

Figure 5. Seebeck coefficient as a function of éhe chemiical ntial( 1), computed at 300 K for

Mo.042Geg.95sTe (M = Cu, Ag, Au) using i-classical approach.

The temperature-dependent total therma wtal derived from D and C, using equation (5) is

presented in Figure 6a. At 773 K, thekwotvalie for G&p.ssAgooiTe is ~3.05 W/mK and with addition of more
Ag, it increases to ~4.0 0.02AgolsTe. It is noteworthy that the kot value for Geg.osAgooiTe
decreases till 673 K and then'@iarginally increases. Such a change of trend was observed for other GeTe
based materials, ﬁscrib d to the second-order phase transition from rhombohedral to cubic

phase333837 Thi nsjtion temperature decreases from 673 K to 573 K with increase in Ag content

To better undérstand the impacts of Ag on the thermal transport properties of GeTe, the contributions

from electronic and lattice parts are calculated. The lattice thermal conductivity (Kiat) estimated from Keotal

by subtracting the electronic contribution (k.) via Wiedemann-Franz law, as in equation (9),

K, = LoT (9)

15



where K. is the electronic thermal conductivity and L is the Lorenz number computed by the condensed

version of Single Parabolic Band model with acoustic phonon scattering (SPB-APS)’®77, as in equation (10)

L= 15+ex [—ﬂ
' P 116
(10)
where Seebeck coefficient (S) is in pVK? and Lorenz number (L) is in 10® WQK? calculated
temperature dependent Lorenz number for all the samples are in the range of 108.to 198 x 108
®

WQK2 and is lower than the metallic limit of 2.45 x 10 WQK?2 (ESI, Figure

g

7
(a) Ge, Ag Te = x=001
6 XS e x=0.04

—A—x=0.06
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1.0 4 (©)
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Figure 6. Temperature-dependent (a) total thermal conductivity (ki.ta), (b) lattice (xiat) and electronic

(xz) thermal conductivities, (c) zT for Ge1..AgxTe (x = 0.01-0.06) solid-state solutions.
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The lattice and electronic thermal conductivities are plotted in Figure 6b. As it can be seen, the lattice
contribution is relatively low compared to the electronic contribution, and at higher temperatures Kt is
in the order of ~1 W/mK, analogous with that of other high performance GeTe based materials 3336~

40,51,59.7879 gand other state of the art thermoelectric materials like PbTe 13718091 gnd SnTe 1821779294 Ag

substitution helps reducing this lattice contribution, presumably because of increased alloy scattering and

phonon interfacial scattering at the grain boundaries. It is in fact the electronic part th

thermal conductivity. At 773 K, ke increases conspicuously with Ag dopi&, the- ing to the
substantial raise in Kiwta. More metallic behavior of Ag unfavorably af‘ts theSthermal'conductivity of

GeTe solid-state solutions.

The thermoelectric figure of merit zT as a function of temp&katu Iculated from the electrical transport

and thermal conductivity data, as in equation (1) is show re 6¢. The maximum zT achieved is ~0.95
at 773 K for Geg.9sAgo.01Te, which is almost th e as pristine GeTe*. zT reduces to ~0.57 at 773 K for
Geo.9sAgoosTe. Ag insertion subsia& th er ec performance in GeTe mainly due to reduced

Seebeck coefficient, arisin e tgproliferatio the hole concentration. This explains why Ag + Sb pair

substituted Ag,SbyGeso.2« S) ibits exceptional thermoelectric properties, as the opposing

effects of excess hole cowt ion created by Ag (acceptor) insertion is compensated by Sb (donor

dopant).

Conclusion

The crystalline ingots of GeixAgxTe (x = 0.00 —0.06) have been synthesized by vacuum-sealed tube melting
process. The solubility of Ag in r-GeTe was found to be less than 6%. Substitution of Ge by Ag profoundly
affects the electronic and thermal transport properties of r-GeTe: (i) it proliferates the charge carrier

density due to the aliovalent Ag* and the reduction in Ge vacancy formation energy, (ii) it lowers the Fermi

17



level which lies almost at the top of the valence band, affecting the Seebeck coefficient, (iii) it leads to a
loss of band degeneracy, (iv) it also leads to a surge in the contribution of several hole pockets in the
valence band, thus increasing the effective mass, and (v) it causes a decrease of the lattice thermal
conductivity due to alloy scattering contributing to reduced mobility, but an increase of the electronic
thermal conductivity. Gei«AgxTe (x < 0.04) exhibits a mean zT ~ 0.85 at 773 K. First-principles calculations

carried out on GeTe substituted with other coinage metals (Cu, Au), demonstrate that'silver ed solid

solutions exhibit higher thermopower compared to the others. The muItinfacto edim this work

demonstrate that substitution by just a coinage metal is not the best choj€e of a Of achieving high
ZT in GeTe-based thermoelectric materials, and reiterates the nee pair substitution, as like in TAGS
where silver and antimony substitute for germanium, to'€nha figurésof-merit of GeTe.
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