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ABSTRACT: Our previous work demonstrated that Cr,Ge,Tes based compounds with a layered structure and high symmetry are
good candidates for thermoelectric application. However, the power factor of only ~0.23 mW/mK? in undoped material is much
lower than that of conventional thermoelectrics. This indicates the importance of an electronic performance optimization for further
improvements. In this work, either Mn- or Fe-substitution on Cr site are investigated, with expectations of both carrier concentra-
tion control and band structure engineering. First-principle calculations indicate that an orbital hybridization between d orbitals of
the doping atom and the p orbital of Te significantly increase the density of states (DOS) around Fermi level. In addition, it is found
that Mn-doping is more favorable to improve the electrical properties than Fe doping. By tuning the carrier concentration via Mn
doping, the peak power factor rises rapidly from 0.23 mW/mK? to 0.57 mW/mK? at 830 K with x = 0.05. Combined with the intrin-
sic low thermal conductivity, Cr1.9Mng1Ge,Tes displays a decent zT of 0.63 at 833 K, a twofold value as compared to that of un-

doped sample at same direction and temperature.

B INTRODUCTION

Thermoelectric (TE) materials can directly convert tempera-
ture gradients into available electricity, attracting greatly increas-
ing attention for promising application in waste heat recovery.* A
high conversion efficiency of heat to electricity is desirable and
needed for practical application. According to TE efficiency for-
mula
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where Th and Tc are the hot-end and cold-end temperatures of the
thermoelectric materials, respectively, top-notch thermoelectric
materials should possess a high dimensionless thermoelectric
figure of merit zT, defined as zT = ST/, where S, o, T, x are the
Seebeck coefficient, the electrical conductivity, the absolute tem-
perature, the thermal conductivity, respectively.?> The problem is
that the transport parameters are interdependent and, often, at-
tempts to maximize one parameter have a deleterious effect on the
other parameters.® There are two general strategies to improve the
ZT of a thermoelectric material: increasing numerator power factor
(S%0), or reducing the total thermal conductivity. With regards to
the first strategy, many approaches such as introducing band con-
vergence,”® and nestification,® electron energy barrier filter-
ing,’%* quantum confinement effects'? and using the resonant
level'® have been proved successful. Equally impressive gains
have been achieved using the time-honored strategy of reducing
the thermal conductivity, i.e., isolated Einstein-like modes (rat-
tlers) in the oversized structural voids,4%> strategically placed
point defects,’®17 all-scale hierarchical structure,® low sound

velocity®® and multiple scattering mechanisms.?® As a conse-
quence, exceptionally high peak value of zT exceed to 2.0 has
been obtained.?*??

Recently, the Cr2GezTes compounds, a substantially two-
dimensional semiconductor, have been reported as a promising
thermoelectric materials.?® In this compound, Tellurium anions
form a hexagonally closed packed structure along the c-axis. 2/3
of the octahedral cavities are occupied by chromium within every
other layer, leaving behind a completely open gap along the c-
axis. The intra-layer arrangement of the CrTes octahedral is hon-
eycomb-like, with a dimer of germanium inserted perpendicularly
in each center position of the CrTes two dimensional net resulting
in interesting ethane-like species [Gez2Tes]. It should be mentioned
that there exist various chemical bonds in Cr2GezTes, including
Cr-Te ionic bonds, Ge-Te covalent bonds, Ge-Ge metal bonds,
and the inter-layer van der Waals bonds. Such mix-bonded sys-
tems are believed to generate partially localized low frequency
phonon modes, low sound velocities, and large phonon anharmon-
icities, which are all favorable for achieving a low lattice thermal
conductivity.?+?7

In our previous study,? it is found that the compacted un-
doped Cr2Ge2Tes sample displays a moderate zT value of 0.38 and
0.33 along the direction that are perpendicular (P) to the pressing
direction and parallel to the pressing directions (A) at 833 K, re-
spectively. The thermal conductivity is further reduced by intro-
ducing Cr defects (Cr1.04Ge2Tes) and the (zT) max then reaches 0.45
along A direction. This work is a very successful initial study
which proves that Cr.Ge:Tes with a layered structure is good
candidate for thermoelectric application. However, it is noted that
the carrier concentration in pure Cr2Gez2Tes sample is around 5E17



cm 3. With the introduction of Cr defects, the carrier concentration
was not raised. As a consequence, the power factor was not im-
proved as expected via introducing Cr deficiency. Actually, Ac-
cording to the spin polarized band structure®® of Cr.Ge:Tes, the
material is an indirect and multi-band semiconductor. One notes
doubly degenerate valence bands at the I' point which, together
with the trigonal symmetry of the crystal structure, assure the
existence of multiple carrier pockets. Given the fact that an addi-
tional valence band at the I" point is merely 0.1 eV below, it may
contribute to transport when the structure is doped or when the
temperature is raised. Thus, there is a good chance that the See-
beck coefficient would benefit from the presence of all three dif-
ferently dispersive valence bands and the structure would also
support high electrical conductivity. Thus, based on our assess-
ment, it seems plausible to achieve high power factors in
Cr2GezTes by proper chemical modifications to alter the charge
carrier concentration and modify the electronic bands. Combined
with an intrinsic low and even reduced thermal conductivity by
atomic scale alloy scattering, a significant higher thermoelectric
performance of CrGe2Tes based compounds can be anticipated.

In this work, we demonstrate the significantly improved
thermoelectric performance of CraaxMnaxGezTez2 (x = 0, 0.01,
0.02, 0.03, 0.05) polycrystalline samples from room temperature
to 833 K. For comparison, the thermoelectric properties of Fe-
doped sample was also investigated. First-principle calculations
indicate that an orbital hybridization between d orbitals of the
doping atom and the p orbital of Te introduces additional impurity
bands and increases the DOS around Fermi level, significantly
increasing the holes concentration upon doping. This greatly im-
proves the electrical conductivity while maintaining a moderate
Seebeck coefficient. Besides, the intrinsically layered structure,
the mixed-bond characteristics coupled with the pseudo-trigonal
symmetry contribute to a low thermal conductivity. Finally, a
decent zT~0.63 at 833 K for Cr19Mno.1Gez2Tes was obtained along
A direction, a twofold value as compared to the undoped sample
at same direction and temperature.

B EXPERIMENTAL AND THEORETICAL METHODS

Synthesis. Crza-xMn2xGezTes (x = 0, 0.01, 0.02, 0.03, 0.05)
were synthesized by solid-state reaction (SSR) in the sealed quartz
tubes and compacted by spark plasma sintering (SPS). High-
purity materials (Cr powder, 99.99%; Mn pieces, 99.999%; Fe
granule, 99.999%; Ge pieces, 99.999%; Te chunk, 99.99%) in the
stoichiometric proportion were weighed about 7 g and then sealed
in the vacuum quartz tubes. The loaded tubes were slowly heated
to 973 K in 20 h, dwelled at this temperature for 20 h and then
naturally drop to room temperature. In order to get pure phase of
Cr2Ge2Tes based compounds, the above process was repeated
three times. The as-sintered chunks were ground into powders and
consolidated into dense bulk samples by SPS at 803 K for 4

minutes under 46 MPa. The final cylindrical products posse densi-
ty greater than 95% of the theoretical density, and they were sub-
sequently cut into different bulk with appropriate size and shape
along A and P directions and subsequently measured electrical
and thermal transport properties along both directions.

Measurements. The obtained SPSed samples were cut into
rectangular bars with dimensions 8x2.5x2.5 mm for the meas-
urements of Seebeck coefficient (S) and electrical conductivity (o)
on a commercial (Linseis, LSR-3) equipment under the Helium
atmosphere. The high density samples were cut into disks with the
diameter of 10 mm and the thickness of ~1.4 mm along A direc-
tion and 6x6x1.4 mm along P direction for thermal diffusivity 1
measurements. The thermal conductivity x was calculated from «
= JpCp, where the 2 was measured by the laser flash method (Ne-
tzsch, LFA 457), p (geometric density) was determined by the
Archimedes method, and C, (heat capacity) was estimated using
the Dulong Petit approximation (Cp = 25 J/mol*K), respectively.
Furthermore, samples were coated with a thin layer of graphite
before the thermal diffusivity measurement to minimize errors in
the emissivity. The temperature range for measurement of S, o
and x were from room temperature to 830 K. The estimated errors
in the measurements of electrical conductivity, Seebeck coeffi-
cient and thermal diffusivity are about 5%, 5% and 3%, respec-
tively. The carrier concentrations of all samples were tested using
the van der Pauw technique under a reversible magnetic field of
1.5T and carrier mobility x was calculated by the equation ¢ =
nqu. The morphology and microstructure were investigated with
field emission scanning electron microscopy (SEM, JSM-7800F,
JEOL) and transmission electron microscopy (TEM) studies were
carried out using a JEOL 2100F microscope.

Theoretical calculations. The structure optimizations and
electronic properties of Cr2Ge2Tes are investigated within the
framework of density functional theory (DFT) by using the pro-
jector-augmented wave (PAW) method as implemented in the
Vienna ab-initio simulation package (VASP).2>-3! Since the gen-
eralized gradient approximations (GGA)%® cannot adequately
describe the exchange-correlation effects of the strongly localized
3d electrons, we employ the DFT+U method® to calculate the
electronic properties with spin polarization. The effective Cou-
lomb repulsion parameters U are chosen to be 3.5 eV, 4.0 eV and
4.6 eV for Cr, Mn, and Fe element, respectively.3* The cut-off
energy in the plane wave expansion is set at 600 eV and the ener-
gy convergence threshold is 1078 eV. 2x2x2 suppercells with 80
atoms are built for the purpose of randomly replacing Cr atoms
with Fe or Mn atoms corresponding to the doping amount of 6.25
percent. For the Brillouin zone integrations, the Monkhorst—Pack
scheme with 11x11x11 and 5x5x5 k-mesh are respectively em-
ployed for the primitive cell and the supercell.

B RESULTS AND DISCUSSION
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Figure 1. (a) XRD patterns of Mn, Fe doped sample, undoped sample after SPS and enlarged diffraction peaks at 20=29°~31°;
(b) the crystal structure; SEM micrographs of fracture surface, along (c) A direction and (d) P direction of Cr.GezTes.

Optimization of Dopants in Cr.GezTes Compounds. As
we anticipate that altering the carrier concentration via chemical
doping might lead to further promising improvements in the pow-
er factor for CroGezTes. As such, in this study, we practically
synthesized Mn-doped and Fe-doped Cr2GezTes samples. Figure
1(a) shows the XRD patterns of CriooMno.o1Gez2Tes, Crioo

Feo.01Ge2Tes and pure Cr2Gez2Tes bulk after SPS. It is clear that the
Bragg peaks for all the samples associated with rhombohedral
system (space group: R-3) except for a rarely slight GeTe impuri-
ty peak at 30°. As shown in Figure 1(b), obviously, the crystal
structure of Crz2GezTes is two-dimensional. Tellurium anions
closely packed along the c-axis by the weak interlayer van der
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Figure 2. Temperature dependence of (a) electrical conductivity o and carrier concentration n, (b) Seebeck coefficient and pow-
er factor, (c) total thermal conductivity « and lattice thermal conductivity «i, (d) zT for CroGezTes, Cr1.99Mno.o1GezTes and
Cr1.90Fe0.01Ge2Tes measured along A direction.
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Figure 3. DOS graph of (a) the total DOS of pristine, Mn doped and Fe doped Cr2Ge2Tes (from up to down). The PDOS (Projected
density of states) of (b) Te for the pristine, Mn doped and Fe doped Cr2Ge>Tes, where it is shown that Te begins to contribute a lot to
the DOS around Fermi level upon doping. (c) PDOS of Mn and Fe for the Mn and Fe doped system, respectively.

Waals force, which are easily textured under an applied pressure,
showing typical orientation. The two-dimensional nature of the
crystal structure is reflected in its morphology. The SEM image of
a fully dense SPSed Cri.9Mno1GezTes bulk sample along both A
and P direction indicates the typical layered texture (see the Fig-
ure 1(c)-(d)). The crystal grains are closely packed together and
no obvious holes can be found, which corresponds to the high
density (more than 95% of theoretical density) of our bulk sam-
ples.

The doping effects with different element on thermoelectric
properties for Cr2Gez2Tes compounds are investigated for the first
time. We synthesize un-doped, Mn-doped, and Fe-doped samples
and compare their thermoelectric properties along A direction as
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present in Figure 2. In Figure 2(a), it is noted that the electrical
conductivity ¢ and carrier concentration n are largely improved
via Mn and Fe doping. Furthermore, Mn-doping improves the
electric conductivity at a larger degree than that of Fe-doping,
which mainly benefits from the higher carriers concentration in
Mn doped samples. In Figure 2(b), Seebeck coefficients show a
decline trend with temperature while power factors show a reverse
trend. The remarkably enhanced electrical conductivity coupled
with moderately decreased Seebeck coefficient result in a higher
PF via doping and Mn-doped sample possess the highest power
factor of 0.40 mW/mK?2. Meanwhile, as shown in Figure 2(c), the
total thermal conductivity x and lattice thermal conductivity xL are
reduced upon doping due to the introduced impurity scattering.
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Figure 4. Temperature dependence of (a) electrical conductivity, (b) carrier concentration for Crz@-xMn2xGez2Tes (x = 0, 0.01,
0.02, 0.03, 0.05) measured along A direction. (c)-(d) band structure of undoped sample and Mn-doped sample.



Mention must be made that slight upturn of x at ~673 K was ob-
served for all samples, which is attributed to therhombohedral to
cubic structural phase transition of GeTe slightly existed in our
target samples. Overall, Mn and Fe doping is proved to enhance
the thermoelectric properties as shown in Figure 2(d). Besides,
Mn-doping is more favorable to improve the electrical properties
than Fe doping, which is consistent with our theoretical calcula-
tion of DOS as described below.

In order to better understand the doping effect on the
transport properties, we calculate the electronic density of states
(DOS) of pristine, Mn-doped, and Fe-doped samples. As can be
clearly seen from Figure 3(a), there is a significant increase of the
DOS around the Fermi level upon doping Mn and Fe into the
Cr2Ge2Tes system, especially for the 5p orbital of the Te atoms
(see Figure 3(b)). As a consequence, the carrier concentration, the
electrical conductivity, and thus the PF will be enhanced. Com-
pared with Fe doping, we see that Mn doping have relatively larg-
er DOS around the Fermi level, which is consistent with the fact
that Mn doping is more favorable to improve the electrical proper-
ties as discussed above. By a detailed analysis of the projected
DOS on each atom, it is further found that the DOS of p orbital
from Te atoms around Fermi level has a similar shape with that of
the d orbital of doped atoms M (M = Fe, Mn) (shown in Figure
3(c)), which indicates an orbital hybridization between them, and
is considered to be the origin of the impurity energy level as dis-
cussed below in the band structure. Note that the asymmetric DOS
near Fermi level between spin-up and down for the intrinsic non-
magnetic atoms (See Figure 3(b) and Figure S1) indicates a spin
polarization, which is caused by the strong magnetic atoms Cr.
This can be confirmed by that the calculated magnetic moment of

Cr, Ge, Te atoms, which are 3.102, 0.024, —0.140 zy, per atom,
respectively.

Optimization of the Amount of Mn Doping in Cr.GezTes
Compounds. Figure 4(a)-(b) show the temperature dependent
electrical conductivity and carrier concentration of Crza-
»Mn2xGe2Tes (X = 0, 0.01, 0.02, 0.03, 0.05) measured along A
direction. Obviously, in Figure 4(a), all the electrical conductivi-
ties increase with temperature, which is a typical semiconductor
behavior. For Mn-doped samples, the peak electrical conductivi-
ties is highly enhanced from 3700 s/m to 10957 s/m along A di-
rection, due to the monotonically increasing carrier concentration
which is shown in Figure 4(b). Besides, electrical conductivity
values along P direction (showed in Figure S5(a)) are larger than
those along A pressing direction, which is consistent with our
previous study.?® It is interesting to note that Mn substitution on
Cr site increases the hole concentration although Mn is supposed
to donate electrons. To address this problem, we calculated the
spin polarized band structure of pristine and Mn-doped Cr.Ge2Tes
systems, as shown in Figure 4(c)-(d). In principle, the replacement
of Cr site with Mn atom would introduce additional electrons,
leading to an upshift of the Fermi level. This deduction corre-
spond to the fact that the Fermi level is away from the valence
band maximum (VBM) with the energy difference increase from
0.06 eV to 0.08 eV (in the absence of the two introduced bands in
the doped system) according to our theoretical results. Thus an
decrease of hole concentration is expected. However, the doping
of Mn introduces two impurity bands above the VBM of the un-
doped system and the Fermi level almost crosses to the new
VBM, which indicates a large DOS near Fermi level and thus
could highly increase the holes concentration. It is worthwhile to
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Figure 5. Temperature dependence of (a) Seebeck coefficient and (b) room temperature Pisarenko relation; The green curve represent
the predicted results from the single parabolic band model with an effective mass of 0.90me for un-doped sample and blue curve for
Mn-doping samples with 0.55me. (c) carrier mobility; (d) power factor for Crz1-xMnaxGezTes (X = 0, 0.01, 0.02, 0.03, 0.05) along A

direction.
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Figure 6. (a) Total thermal conductivity and lattice thermal conductivity showed in the inset; (b) zT for Cra@-xMn2xGezTes

(x =0, 0.01, 0.02, 0.03, 0.05) measured along A direction.

mention that the dispersion of the top impurity band along Z-G
direction (Figure 4(d)) is greater than the bands near VBM for un-
doped system (Figure 4(c)), suggesting the smaller effective mass
in Mn-doped samples.

The positive Seebeck coefficient values shown in Figure 5(a)
indicate that the prepared samples are p-type and majority of
charge carriers are holes. The Seebeck coefficient decreases with
increasing Mn-doping content at the same temperature but still
remain robust, and the values along A direction at room tempera-
ture are 570, 359, 344, 330, 309 pV/K for x = 0, 0.01, 0.02, 0.03,
0.05, respectively. Such reduced Seebeck coefficient is due to the
increase of carrier concentration upon Mn doping. Furthermore,
based on the room temperature Pisarenko line as shown in Figure
5(b) by employing a single parabolic band (SPB) model under the
relaxation time approximation and the electrical transport domi-
nated by acoustic phonon scattering, it is found that the effective
mass of the pure sample is around 0.90 me, which is consistent
with the previous report 2. However, the effective mass of Mn
doped samples are all around 0.55 me. Such trend is in good
agreement with our theoretical calculation as mentioned above.
The exact values of effective mass for each samples are shown in
Figure S6. Figure 5(c) shows the temperature dependence of the
carrier mobility. It is noted that the values of doped samples is
higher than that of the pure Cr2GezTes. This enhancement of car-
rier mobility can be explained by the decrease of effective mass in
doped samples. The enhanced electrical conductivity combined
with the decent Seebeck coefficient contribute to a moderate pow-
er factor of 0.57 mW/mK?2 for Cri.oMno1GezTesat 760 K along A
direction (shown in Figure 5(d)). It is clear that the electrical
property have been highly improved by optimizing the carrier
concentration through successful Mn doping of CrGezTes.

The total thermal conductivity x and lattice thermal conduc-
tivity xL of Crza-xMnaxGezTes (x = 0, 0.01, 0.02, 0.03, 0.05)
measured along A direction are showed in Figure 6(a). For all
samples, the total thermal conductivities « in both two direction
decrease with temperature below 680 K due to Umklapp scatter-
ing. Furthermore, the x along A direction are much lower than
that along P direction (see Figure S5(d)), which may be explained
by the typical layered structure since phonons can be scattered by
the interfaces between each layer and the weak bonding between
layers.3536 The electronic thermal conductivity is calculated by the
formula xe = LoT, where L is the Lorenz number. Here a constant
Lorenz number of 1.5 x 10°® V2K is used.?® The estimation of
the lattice thermal conductivity x is obtained by subtracting the
electronic component xe from the total thermal conductivity, xL =

k-ke. Considering the relatively low electronic thermal conductivi-
ty e, the lattice thermal conductivity L (the inset in Figure 6(a))
is nearly similar to the total thermal conductivity, showing the
same behavior as other reported materials such as SnSe,%21:%7
BiCuSeO.%® In Figure 6(b), zT values increase with the increasing
temperature as well as the increasing doping content of Mn. The
peak zT value for doped sample is about 0.63 along A direction at
830 K with x = 0.05, which is almost twice as much as that of un-
doped sample in the same direction and the same temperature.
Such enhancements in zT mostly benefit from the improved power
factor and the low intrinsic thermal conductivity. In this work, Mn
doping increase the carrier concentration due to the presence of
two impurity bands above the valence band maximum (VBM),
leading to the significant increase of the electrical conductivity.
However, the Fermi level has not been shifted inside the valence
band upon doping. As a consequence, a much larger zT value can
be anticipated assuming the Fermi level can be shifted successful-
ly.
B CONCLUSIONS

In summary, p-type Crza-xMnaxGezTez (x = 0, 0.01, 0.02,
0.03, 0.05) and CrigoFeo0:Ge2Tes compounds were synthesized
by solid-state reaction followed by spark plasma sintering. It is
found that Mn and Fe doping introduces the two impurity bands
yielded by the orbital hybridization between d orbitals of the dop-
ing atom and the p orbital of Te. These two impurity bands in-
crease the carrier concentration, leading to the enhancement of the
electrical properties and Mn doping is more effective. Combined
with the intrinsic thermal conductivity, a peak zT ~0.63 at 833 K
along A direction in Cr1.9Mno1GezTes is obtained, a twofold value
as compared to the un-doped sample at the same direction and
temperature. Further improvement of the thermoelectric perfor-
mance can be obtained by shifting the Fermi level in the doped
Cr2Ge2Tes compounds.
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