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Abstract
The change of multivalence band structure configomabetween rhombodedral and cubic phase in Gdfie¥soadditional

dimension to modify its thermoelectric propertiétere, we report the synergetic optimization of #tmdc and thermal transport
properties in rhombohedral GeTe doped with tramsitnetal Ti. The Seebeck coefficient of,GE,Te is significantly increased and
the corresponding thermal conductivity is decrea3ée structure refinement shows that Ti dopingld¢@aduce the lattice constant
c/aratio. Density functional theory calculations demsate that the affected crystal field rather tfianorbitals is contributing to the
valence band convergence and a Seebeck coeffandrincement. Further optimization incorporatestfects of Bi substitution for
reducing the carrier concentrations and introduacitegge point defects. This work not only confirme tinansition metal elements as
promising dopants for GeTe-based materials, bud aldicates that the strategy of manipulating thgstal field effect can be

exploited as a direct but effective route for impng thermoelectric performance.

The combination of economic, technological and
environmental urgency has driven a growing prospémi both
the study of thermoelectricity and the exploratifom new
materials with superior thermoelectric propertigs riecent
decade$™™ The critical issue that hinders its widespread
utilization is the relatively low energy conversi@fficiency,
which is identified by the materials’ thermoelectri
dimensionless figure of met#T = (S / )T (whereS, , , and
T are the Seebeck coefficient, electrical condustivihermal
conductivity, and absolute temperature, respegtiydl An
ideal thermoelectric material must strike a balabetveen the
conflicting requirements of high Seebeck coeffiti& high
electrical conductivity , and low thermal conductivity
(including both the electronic . and phonon
contributionsf*”! The numeratoi$® is known as the power
factor PF). Previously effective strategies and conceptsshav
been proposed to achieve high&f, such as modulation
doping®®® magnetic enhancemétft™! band engineering**”
energy filtering effect®?! etc to improve the power factor,
introducing nanostructufé®>?! point defect$**! etc to
compress the lattice thermal conductivity),(and exploring
new materials with intrinsically low;.*23¢!

GeTe-based alloys, with their fascinating fundarakent
properties, have been known as promising thermt@esince
1960s but have not attracted as much attentiorites0IV-VI
semiconductor analogs like PbTe-based matéffalsThe
pristine GeTe undergoes a ferroelectric phase itramsat the
critical temperature around 700 K, in which the dow
temperature rhombohedral structure () changes to the high-
temperature cubic structure ( ). Nowadays, the
environmental concern regarding the restricted eisgd®b has
brought the alternative GeTe alloys back into fdtiS’ Most
of the recent works have already suggested seveutés for
increasing the thermoelectric performance for Geystems,
including the concept of structure influence aslvesd band
structure modification and some designed latticperfections
methodd?*°!

Generally, doping of some elements or compounds wil
simultaneously affect the electronic and phonomgpart
behavior of thermoelectric materials. For thermahsport, it is

commonly apparent that the naturally energy favieraBe
vacancies, large strain and mass fluctuation iniced by
substitutional defects have enhanced phonon sicagter
enabling a  sufficiently reduced lattice  thermal
conductivity!*>*"*8 For electronic transport, the dopant orbitals
may introduce perturbation to the band structurm electronic
density of states, and also result in some strattirange. For
example, doping may modify the degree of the rhdmebeal
angle for more alignment of split bands, leadingh®enhanced
thermoelectric performance which happens in a rhaivatral
phase but close to cubfé:*?

Previous works have discovered some suitable degant
improve the thermoelectric properties of GeTe, sashGe.
ShTe* Ge, Bi,Te!"” Ge PhTe**% Ge. InTel Ge.,.
Mn,Bi,Te?  Ge., ,PhBi,Te** Ga,,PbShTe!
(GeTe).,(GeSe)(GeS),P! Ge PShTel! Ge,.
JnshTel  Ge, ,CdBi,Te® Ge,,GaShTel? etc
Besides, some doping elements are also reportedeto
detrimental to the finakT, like Cu, Ag, Ba, Al,etc®"8 One
exception is that single Mn element substitutiodues the
overall TE performance, while co-doping Mn with $b Bi
suppresses the transition temperature and eveizagathe
higherZT in cubic phas&*°? All of the aforementioned studies
trigger our interests for searching for more pasntloping
elements, especially in the rarely studied tramsitmetals
groups. Moreover, the realized band engineeringuackments
are mainly “inertially” focusing on the cubic phasmainly
because GeTe shares many similarities with othbicdy-VI
semiconductor§>“®! This aforesaid route also drives us to think
more about a new concept to innovate the band eaging for
the special GeTe-based system.

Scheme 1 illustrates the schematic diagram of ealen
band convergence for GeTe both for and phases.
As it is known, the lattice of rhombohedral GeTen dae
considered as a stretched cubic lattice along tloelyb
diagonal®® The lattice constant raticc/a is 2.574 for
rhombohedral GeTe while the equivalent value inc@eTe is
2.4495. For cubic GeTe, the character of valencedbas
similar to those of other IV-VI compounds like PbdeSnTe.
The valence band maximum (VBM) of these cubic aysle 4-



folded degenerate at the L point while the secondae is 12-
folded degenerate at thgoint of the Brillouin zone. A
theoretical tight-binding model has demonstratedt tthe
energy separation E. between L and points could be
reduced by dopants withorbital energy higher than that of Te-
p orbitals, such as Mg, Mn, Catc'® E_ of 64 meV for
pristine cubic GeTe is small and the band convergenay be
easy to realize, especially relative to SnTe. Idddlee valence
band convergence was achieved by Mn dofihgFor
rhombohedral GeTe, the valence band character ughtg
similar to that of the cubic phase expect two défees. The
valence band maximum is at thepoint while the secondary
ones are at the L point, and their degeneracieslececased
owing to the symmetry reduction of phase transitidime
energy separationkE _ of pristine rhombohedral GeTe is about
210 meV. This work demonstrates th& ., can be reduced by
tuning the crystal field effect with the decreasigratio.

R3m < GeTe >Fm3m

AEy_ ;=210 meV AE;_y=64 meV

Ny 6% =y N, 6Z+3L 5
Decreasing c/a

Nyi 4L+125  tmmmmee N AL
Decreasing &
(>&re-p)

Scheme 1 Fermi surfaces illustrating the valence band

convergence for rhombohedral (left) and cubic @igBeTe.
The crystal field effecto(a ratio) ands orbital energy (> 1eyp)
of dopant are the critical factor to realize bandwergence in
rhombohedral and cubic GeTe, respectively.

Herein, we investigate the thermoelectric propertod
GeTe doped with Ti, which effectively tunes the stey field
effect to promote higher convergence of those walkince
band and then Seebeck coefficient. The total
conductivity is also dramatically decreased uponddping,
demonstrating Ti as one of the most effective iteoms metal
doping elements for GeTe. In addition, co-dopingagh Ti at
Ge sites further optimizes thermoelectric perforogarby
decreasing the carrier concentration and latticerntal
conductivity, leading to a superior thermoelectigeire of merit
ZT of ~1.6 and making these alloys as top candid&bes
thermoelectric applications in middle temperatamege.

Thermoelectric Properties of Ti-doped GeTeThe room
temperature X-ray diffraction (XRD) patterns of GE&i,Te x =
0, 0.01, 0.02, 0.03, 0.04 and 0.05) samples for [Bw
concentration shown in Figure la closely match thiathe
rhombohedral phase GeTe. Doping with higher conténfi
gradually induces a partial phase transition. Riekv
refinements are carried out based on the powdermyX-r
diffraction data to estimate the lattice parametddgtailed
information is presented in Figure S1. With inciegscontent
of Ti, the lattice parameter along tleeaxis decreases from
10.669 A for GeTe to 10.426 A for Gg:Tigo:Te, while the
lattice a parameter gradually increases from 4.167 A to 4478
(Table 1). The overall effect is the decrease efcth ratio and
also the unit cell volume, similar as the case in-ddped
GeTel*
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Figure 1. (a) XRD patterns of GgTixTe (x = 0, 0.01, 0.02,
0.03, 0.04 and 0.05); temperature dependent alattransport
properties for all samples: (b) Seebeck coeffigiért electrical

conductivity, and (d) power factor.
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In Figure 1b, the measured Seebeck coeffici§nskhows
an obvious increase upon Ti doping and saturatekigdter
temperatures whenr reaches 0.05. Specifically, at 3003Kof
32 pV K'in the pristine GeTe increases to 94 pV*
GeyosligesTe. The largely enhance® demonstrates to be
ascribed to the band convergence from changedatrfistd
effect upon Ti doping (see discussion later). Feglic shows
the temperature-dependent electrical conductivityhich
decreases with the raising of the content of Tiwkleer, the
measured carrier concentrations of;(Jé,Te compounds do
not exhibit any obvious decreasing trend (TableThHus, the
significant decrease in electrical conductivitymainly caused
by the reduced carrier mobility. The opposite deleece
relationship between carrier concentration and fitpbi
observed here is supposed to be due to the incretesesity of
ionized impurities when increasing the content ofddping.
Compared with pristine GeTe, Ti doping decred®ego some
extent in the high temperature range (Figure 1d).

Table 1 Lattice Parametersa(c), Room-temperature
Carrier Concentrations and Seebeck coefficientS)(of Ge.
«TixTe k=0, 0.01, 0.02, 0.03, 0.04 and 0.05) Compositions

Ge,TikTe a(d) c(A) cla NP cm®) SV K™Y
x=0 4.1670 10.6695 2.5604 8.02 36.8
x=0.01 4.1671 10.6360 2.5524 7.19 50.8
x=0.02 4.1673 10.5875 2.5406 7.12 61.2
x=0.03 4.1693 10.5359 2.5270 6.18 80.3
x=0.04 4.1734 10.4807 2.5113 6.80 77.4
x=0.05 41781 10.4256 2.4953 8.04 95.5

Band Convergence Caused by Changed Crystal Field
Effect. To better understand the improved Seebeck coefficie
of the Ti-doped GeTe compounds, density functioeory
(DFT) calculations were carried out to examine deasity of
states (DOS) and band structure. Firstly, we cootd a
supercell including Ti atom to calculate the pokesitiistortion

3



of the DOS for GgTixTe, and present the results in Figure S2
in the Supporting Information. Considering that thansition
element possesses contractedbitals, it should be careful to
determine the ground state of transition elemepiedosystem.
Taking Mn doping as an example, Mion has 5d-electrons in
Mn-doped 1V-VI compounds. In the nonmagnetic stdin
doping always introduces some flat bands around Fereni
level and leads to a strong Stoner instability. tine
ferromagnetic ground state, the spin-dgbands are fully
occupied and the spin-dowhbands are fully empty. Owing to
this magnetic exchange splitting, the Mrerbitals are pushed
away from the Fermi level and Mn-doping will notosh d-
resonant levels. For the doped elements which ke#e(Sc, Ti,
Cr) or more d-electrons (Fe, Co, Ni) than Mn, there will
certainly be resonant levels near the Fermi leeebbse of the
existence of partly spin-up or spin-down channels,
respectively**®! Since the energy of T orbitals (—11.05 eV)
is higher than that of M ones (-15.27 e\/§? the resonant
level of the Ti-doped system will be close to tloftbm of the
conduction band. As it may be seen in Figure S2ddping
introduces resonant DOS at the upper edge of thé gap and
has less effect on the valence band, which is sterdi with the
above theoretical analysis.

(a) v

(b) Pristine GeTe
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Figure 2. (a) Calculated band structure of pristine GeTe
and equivalent “Gggsligesle”. (b) and (c) are the
corresponding Fermi surfaces when the hole coratgmtris 5
x 107 e,

Now that the electronic orbitals of Ti are not likghe
reason of enhanced Seebeck coefficienp-tfpe Ge.,TicTe,
we thus focus on the changed Ilattice constant dmel t
corresponding crystal field effect by Ti doping. Alse Ti
contentx increasing, the values afa become smaller and
smaller, which is also equivalent to the degreehofnbohedral
angle approaching 90 degrees. To elucidate theienfle of
crystal field effect variation on the VBMs, the lastructures
of pristine and “Ti-doped” GeTe are calculated am@bwn in
Figure 2a. Here, we model the Ti-doped GeTe byimitive
GeTe cell with changed lattice constaatandc according to
the experimental results given in Table 1. Thishodthas been
adopted in the previous report about rhombohedfalll GeSe
compound®® As it may be seen, the secondary VBM at the L
point moves up to be close to the first VBM at thpoint, and
the energy separationkE | is decreased from 210 meV of
pristine GeTe to 110 meV of “GesTigesTe”. In order to better

visualize the band valley variation, the Fermi aoes at the
hole concentration of 5h 10?° cm™ for pristine GeTe and
“GeggsTigosT€” are shown in Figure 2b and 2c, respectively. It
is interesting to find that the valley numb¥y increases from 6
to 9 in Ti-doped GeTe. Such an increadkds very beneficial

to improve the DOS effective mass and Seebeckicaft.

The detailed temperature dependent electronic thlerm
conductivity ., lattice thermal conductivity, as well as
Lorenz factorL for Ge,Ti,Te alloys are shown in Figure S3.
The decline in . originates from the increased electrical
resistivity upon Ti doping and the decrease,is largely due to
the mass and size fluctuation with Ti substitutibigure S3d
showsZT as a function of temperature, in which a maximdim
~1.2 is implemented in GegsligooTe€, higher than most reported
transition metal doping elemerit&?>>7

Thermoelectric Properties of Ti-Bi Co-doped GeTe.
Even though Ti-doped GeTe compounds exhibit sigaifily
enhanced Seebeck coefficients, the carrier coratémis and
lattice thermal conductivity are still far from thdeal range in
which the optimized thermoelectric performance dolde
possibly achieveld®****! For further improving the TE
properties in GeTe thermoelectrics, we took intcoant the
effects of Ti doping with GgygTigeTe, which shows relatively
better electrical transport properties, and cormtirsly
substituted Bi in Ge site to form &g, TigeBiyTe §/ = 0.04,
0.05, 0.06, 0.07) compositions (for comparison, pheperties
of the optimized Bi-doped GeTe are given in thepsupng
information, Figure S4).

The room-temperature powder XRD patterns for the
synthesized Ggyg.,Tio0BiyTe compounds are shown in Figure
S5. Doping with Bi is found to be effective for deasing the
lattice c-axis parameter, while increasing the lattiaeaxis
parameter (Table 2), contributing overall in redgcithe c/a
ratio as observed for Ti doping. The successfusistitution
with Ti in Ge site also effectively reduces the riar
concentration as low as to ~2 x*36m?,

To shed light on the influence of the modified band
structure on the charge transport for both Ti-dopad Ti-Bi
co-doped cases, we compare the room temperatute @&
versus the carrier concentration in Figure 3a. Obviously,
alloying and doping nicely enable a broad rangecaiffrier
concentration to be achieved, which ensures adurtiptimal
carrier concentration to be located for maximizing electronic
performance in Ti/Bi co-doping samples. Here, comagavith
the valence +2 of Ge, Bi serves as the electroromduoiith the
valence of +3, whereas Ti doping has negligibleefffor
modifying the carrier concentration with the fornvallence of
+2. Importantly, the doping effect of both Ti andi&ds to the
significant enhancement of DOS effective mass which is
demonstrated by the calculated Pisarenko relatigplaled as
black dashed lines in Figure 3a. Therefore, botlargad m’
due to the band structure modified by Ti/Bi and rdased
carrier concentration to the optimal level by Bé achieved at
the same time.

Table 2 Lattice Parameters, Room-temperature Carrier
Concentrations and Seebeck Coefficients of dafiooBiyTe
Compositions.

n (10

S (uVv
i (H

K™

G go.
TioaBiTe 2B c®)

cla




y=0.04 4.1862 10.6091 25343 3.37 82.6
y=0.05 4.1912 10.5939 25277 3.23 94.9
y=0.06 4.1961 10.5785 25210 259 109.0
y=0.07 4.2006 10.5572 25132  2.29 130.3

As a consequencs§ increases and electrical conductivity
decreases with increasing Bi-doping in the entmpgerature,
shown in Figure 3b and 3c. Particularly, two peafigear in the
temperature-dependeBttrend withx = 0.07. The first peak is
ascribed to the valence band switch in energy atlLtland
points, which is a common phenomenon associateld thig
phase transition. The second peak is mainly dudedipolar
effect. Although the peak of the power factor doetsincrease
upon co-doping, the low temperature power fact@gehbeen
improved for all the co-doped samples, as showhigure 3d.
And the average power factors of {a&Tio0BiyTe x = 0.04,
0.05, 0.06) are also higher than that of the presGeTe (Figure

Figure 3. (a) Room temperature carrier concentration
dependent Seebeck coefficient for Ti doping andiTizo-
doping samples; temperature dependent electricaisport
properties for all samples, (b) Seebeck coeffigig)t electrical
conductivity, and (d) power factor.

Because of both reduced electrical thermal conditicti
due to the increased carrier concentration anchéuarteduced
lattice thermal conductivity, caused by the substitution of
strengthening the phonon scattering, the total nthér
conductivity considerably decreases over the etgimgerature
range with increasing Bi concentration. The cal@da, values
according to the Wiedemann-Franz law and Lorenofaare
summarized in Figure S7. It is well known that te
vacancies have a non-negligible effect, which dbute to
lowering the lattice thermal conductivity. To quitatively
understand the influence of these cationic vacaneied the
point defects by Ti/Bi substitution on the lattidckermal
conductivity, we numerically investigated the phortcansport
properties using the Debye-Callaway model by takingp
account phonon-phonon and point-defects
mechanisms. Room-temperature reduction jincan be well

understood by this model, which clearly indicatiest tstronger
effect on the reduction of the lattice thermal asctvity is
obtained by Ti/Bi substitution (Figure 4c).
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Figure 4. Temperature dependent thermoelectric transport
properties for Ti doping and Ti/Bi co-doping sangplée go.
yTigoBiyTe (y = 0, 0.04, 0.05, 0.06, 0.07): (a) total thermal
conductivity, (b) lattice thermal conductivity, (§omposition
dependent lattice thermal conductivity for all sé@spat room
temperature, with a comparison to Debye-Callawaydeho

predictions, (d) figure of merT.

The effects of band convergence due to Ti doping,
optimization of carrier concentration, and a simn#ously
enhanced phonon scattering by additional Bi dopiinglly
contribute to the further enhancement in the thetewtric
figure of meritZT, as shown in Figure 4d. The high&3tof 1.6
is achieved for GgsTigoBigosTe at 623 K, much higher than
that of pristine GeTe and also comparable with ¢had
previous report¥*°? Therefore, we have demonstrated the high
thermoelectric performance of bulk GeTe-based raser
through the strategy of manipulating crystal fietfect and
point defects effect, making these doped materass top
candidates for thermoelectric applications in meddl
temperature range.

In summary, it has been experimentally demonstrtied
Ti is one of the most effective transition metalpdots for
enhancing the thermoelectric performance of prestBeTe.
This is due to the dual effect of both increasedb8ek
coefficient and the corresponding decreased thermal
conductivity of Ge,Ti,Te. Further optimization incorporates
the effects of Bi substitution for reducing the rear
concentrations and introducing more point defeassindicated
by the simulation study of phonon transport using Debye-
Callaway model. First-principles density functiontieory
calculations show that the energy separatidh.. can be
reduced by tuning the crystal field effect with tecreasing of
c/a ratio. Moreover, the valley number even increagassn Ti
doping, which is beneficial to improve the DOS effee mass
and Seebeck coefficient. With the high value of 1.6 achieved
for GeygaligoBigosTe at 623 K, this study has proved nicely

scatteringthat manipulating the crystal field effect is adiste route of

band engineering for the enhancement of the thdeuwie
properties of the notable GeTe system.
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Highlights
Enhanced Seebeck coefficient and decreased theamductivity upon Ti doping
Further optimized thermoelectric performance byreéasing the carrier concentration
and lattice thermal conductivity with co-dopingdid Ti at Ge sites
Proof of manipulating the crystal field effect afeasible route of band engineering for

the enhancement of the thermoelectric propertieseohotable GeTe system




