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GRAPHICAL ABSTRACT
PUBLIC SUMMARY

- A two-step phase manipulation strategy by tailoring chemical bonds is proposed in GeSe.

- CdTe alloying shifts orthorhombic to rhombohedral phase and yields high valley degeneracy.

- Adding Pb restrains the Peierls distortion and triggers the valence band convergence.

- The metavalently bonded rhombohedral GeSe owns a high power factor and a low thermal conductivity.

- A high figure of merit of 0.9 is achieved in rhombohedral Ge0.8Pb0.2Se(CdTe)0.25.
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In thermoelectrics, phase engineering serves a crucial function in deter-
mining the power factor by affecting the band degeneracy. However, for
low-symmetry compounds, the mainstream one-step phase manipulation
strategy, depending solely on the valley or orbital degeneracy, is inadequate
to attain a high density-of-states effective mass and exceptional zT. Here,
we employ a distinctive two-step phase manipulation strategy through
stepwise tailoring chemical bonds in GeSe. Initially, we amplify the valley de-
generacy via CdTe alloying, which elevates the crystal symmetry from a
covalently bonded orthorhombic to a metavalently bonded rhombohedral
phase by significantly suppressing the Peierls distortion. Subsequently,
we incorporate Pb to trigger the convergence of multivalence bands and
further enhance the density-of-states effectivemass bymoderately restrain-
ing the Peierls distortion. Additionally, the atypical metavalent bonding in
rhombohedral GeSe enables a high Ge vacancy concentration and a small
band effective mass, leading to increased carrier concentration and
mobility. This weak chemical bond along with strong lattice anharmonicity
also reduces lattice thermal conductivity. Consequently, this unique prop-
erty ensemble contributes to an outstanding zT of 0.9 at 773 K for
Ge0.80Pb0.20Se(CdTe)0.25. This work underscores the pivotal role of the
two-step phase manipulation by stepwise tailoring of chemical bonds in
improving the thermoelectric performance of p-bonded chalcogenides.

INTRODUCTION
Phase modification plays an indispensable role in materials science and engi-

neering, as well as solid-state chemistry.1–3 By intentionally manipulating the
phases of a material, it is possible to tune its microstructure, electronic band
structure, and phonon dispersion relation, which significantly influence its me-
chanical, physical, and chemical properties.4–6 Therefore, the rational design
and precise control of crystal structure are imperative for the development of
advanced structural and functional materials. In thermoelectrics, a solid-state
technology facilitating the direct conversion between heat and electricity, the
crystal structure has a direct impact on the power factor, PF = sa2, through
the band degeneracy (NV).

7–9 This, in turn, determines the material’s dimension-
less figure-of-merit, zT=a2sT/(ke + kL),wherea is the Seebeck coefficient, s is the
electrical conductivity, ke is the carrier thermal conductivity, kL is the lattice ther-
mal conductivity, and T is the absolute temperature.10–15

To date, phase engineering has emerged as a highly feasible strategy for
achieving high PF by increasing crystal symmetry or adjusting the lattice param-
eters.16–20 In general, increasing the crystal symmetry can enhance the valley de-
generacy (NV) and consequently the density-of-states effective mass (m*).8,21 A
large m* is beneficial to a high a at high nH, which can simultaneously increase
the s, leading to a large PF.22 For instance, when the crystal symmetry of Cu2(Te/
Se/S) compounds shifted frommonoclinic to a hexagonal structure, them* value
greatly raised from below 2.0 m0 to above 4.5 m0.

23 Under a given crystal
symmetry, it is conceivable to facilitate orbital convergence and elevate the m*
by tunning the lattice parameters.24 Zhang et al. exemplified this approach by
modifying the structural parameter h = c/2a of tetragonal chalcopyrite to 1.0,
achieving the coexistence of a long-range cubic framework with localized
short-range non-cubic lattice distortions. This led to highly degenerate band
edges and, subsequently, a larger PF.25 Recently, a slight symmetry-breaking

strategy in rhombohedral GeTe has been employed to manipulate the interaxial
angle (q) and the atomic-site displacement (D), triggering the convergence of
multivalence bands for high TE performance.26–29

Nonetheless, for numerous low-symmetry compounds (eg, triclinic, mono-
clinic, and orthorhombic phases) with intrinsically low zT values,7,8,23 the
mainstream one-step phase manipulation strategy, which solely relies on the
valley or orbital degeneracy, is insufficient to achieve a notably highm* and, sub-
sequently, an outstanding zT. Under such circumstances, we deduce that
improving the zT value of low-symmetrymaterials should depend on a distinctive
two-step phase manipulation strategy. The first step aims to improve the valley
degeneracy by increasing the crystal symmetry, while the second step concen-
trates on promoting orbital convergence through further adjustment of lattice pa-
rameters for the desired crystal symmetry. However, it is still elusive how to
experimentally correlate successive transitions of crystal structure and concep-
tualize the coined two-step phase manipulation. To accomplish this objective, a
comprehensive understanding and elucidation of the pivotal factors affecting
crystal structure are prerequisites. Since the atomic arrangement in a solid is a
consequence of chemical bonding, tailoring chemical bonds should enable direct
modification of the crystal structure and, consequently, the resulting electronic
band structure.30

Many IV-VI chalcogenides, such asGeS, GeSe, SnS, SnSe, andGeTe, comprise
various phases intrinsically interrelated with disparate chemical bonding mech-
anisms.31–34 More specifically, the low-symmetric orthorhombic phase utilizes
conventional covalent bonding, while the medium-symmetric rhombohedral
phase and the high-symmetric cubic phase employ uniquemetavalent bonding
(MVB).35–37MVB is a fundamental chemical bondingmechanism thatmarkedly
differs from textbook covalent, ionic, andmetallic bonding. To bemore specific,
MVBdescribes a situationwhereadjacent atomsshare half anelectronpair (one
electron) to form as-bond, yielding a bond order of approximately 1/2.30 In stark
contrast, a conventional covalentbondcomprises twoelectronssharedbetween
neighboring atoms, resulting in a bond order of 1.38 Here, the bond order is
defined as half of the difference between the number of electrons in bonding
and antibondingmolecular orbitals. The particular electronic configuration leads
to several characteristic fingerprints in terms ofmaterial properties both related
to the lattice, i.e., phonons as well as electrons in the vicinity of the Fermi level
relevant for charge transport. The MVB mechanism can collapse by either
increasing electron transfer or enhancing electron sharing, also known as
increasingPeierls distortion (PD).30 Conversely, reducing electronsharing, i.e., in-
hibiting PD, induces a gradual transition from covalent to metavalent bonding
and simultaneous conversion of the crystal structure from orthorhombic to
rhombohedral or even cubic structure.30,38 Consequently, stepwise tailoring of
chemical bonds is able to effectively manipulate successive phase transitions,
thereby enabling continuous modification of the band structure.
In this work, p-typeGeSe, as a promising TEmaterial formedium-temperature

power generation,39–47 is selected to attest to the efficacy of two-step phase
manipulation through tailoring chemical bonds. In addition, GeSe is one of the
few monochalcogenides, where the wide phase space is accessible, and thus
is ideal for employing and tailoring the relationship between chemical bonding
andmaterial properties. The pristine low-symmetry orthorhombic GeSe utilizing
covalent bonding exhibits a poor zTof 0.05.48 As schematically illustrated in Fig-
ure 1, alloying GeSe with CdTe substantially suppresses the PD, thereby altering
the chemical bonds from covalent to metavalent and a concomitant structural
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transition from a low-symmetric orthorhombic to a medium-symmetric
rhombohedral phase. The enhanced crystal symmetry leads to a significant
increase in valley degeneracy and thusm*. Subsequently, we employ Pb substi-
tution to trigger the multivalence bands convergence via slightly depressing
the PD in rhombohedral GeSe(CdTe)x, which further remarkably increases
the NV and m* (Figure 1). Moreover, the reduced formation energy of Ge
vacancies, smaller band gap (Eg), and lighter band effectivemass (mb*) inmeta-
valently bonded GeSe, compared with its covalently bonded counterpart,
contribute to a higher carrier concentration (nH) and larger carrier mobility (mH).
Furthermore, the weaker chemical bonds and larger lattice anharmonicity
in the MVB variant in combination with the formation of multiscale microstruc-
tures, give rise to an ultralow kL compared with covalently bonded GeSe. Conse-
quently, a maximum zT � 0.9 at 773 K is attained for the rhombohedral
Ge0.8Pb0.2Se(CdTe)0.25. These results emphasize the crucial role of the distinc-
tive two-step phase manipulation strategy driven by stepwise tailoring
chemical bonds in improving the zT values for a wide range of low-symmetry
TE materials.

RESULTS AND DISCUSSION
The first step of this study aims to obtain higher-symmetric rhombohedral

GeSewith enhanced valley degeneracy viaCdTealloying. Accordingly, we synthe-
sized GeSe(CdTe)x (0% x% 0.30) samples and analyzed the products obtained
using powder X-ray diffraction (XRD) patterns. Figure 2A displays the room tem-
perature XRD results, alongside the standard XRD patterns of orthorhombic
(Pnma) and rhombohedral GeSe (R3m) for comparison. For the sample with
x = 0, all diffraction peaks can be indexed to a typical orthorhombic structure.35

Upon CdTe alloying (x = 0.10), a small amount of rhombohedral phase emerges
within the orthorhombicmatrix.When x exceeds 0.15, the prevailing crystal struc-
ture of GeSe(CdTe)x transforms froman orthorhombic to a rhombohedral phase.
This is evidenced by the gradual merging of three XRD peaks between 30� and

A

B

C

Figure 1. Schematic representation of the two-step
phase manipulation through the stepwise tailoring
of chemical bonds and its impact on the electronic
band structures (A) Schematic representation of the
variation in Peierls distortion (PD), which is the ratio
between long and short bonds. The two different bond
lengths are highlighted by red lines in the right sche-
matic of (A). Note that the orthorhombic phase has
two longer bonds and one short bond and thus it
shows two different PD values. The larger PD = 1.36
for orthorhombic (Pnma) GeSe and the PD = 1.13 for
rhombohedral (R3m) GeSe is taken from Kooi and
Wuttig,49 while the PD = 1.10 for CdTe and Pb co-al-
loyed rhombohedral GeSe is calculated according to
the XRD refinement. (B) Schematic representation of
the variation in crystal structures. (C) Schematic rep-
resentation of the variation in electronic band struc-
tures. The VB1 and VB2 refer to the first and second
valence band maximum, respectively. E signifies the
energy level, and NV represents the valley degeneracy
of each valence band. The red-shaded region repre-
sents the vicinity of the Fermi level that dominates the
charge carrier transport.

33� into a single peak and the emergence of
distinct double peaks between 44� and 46�.
Nevertheless, when x ranges from 0.10–0.30,
the distance between the double peaks near
44�–46� remains virtually constant. This sug-
gests that CdTe alloying cannot further effec-
tively tailor the lattice constant of the rhombohe-
dral phase.

The second step of the phase manipulation
aims at fine-tuning the lattice constant of rhom-
bohedral GeSe. We additionally incorporate Pb
into the samplewith x=0.25 and obtain the nom-
inal samples of Ge1-yPbySe(CdTe)0.25 (0 % y %

0.30). The inclusion of Pb has two effects on
the phase structure: (1) further suppressing the
residual orthorhombic phase and (2) significantly

reducing the distance between the double peaks near 44�–46� , bringing the in-
teraxial angle (q) closer to 90�. This phenomenon is advantageous for facilitating
the convergence of multivalence bands and thereby increasing the NV of rhom-
bohedral GeSe,27,28 as will be discussed subsequently.
Additionally, the incorporation of CdTe (x = 0.05) immediately promotes the in

situ generation of CdSe impurity phase, attributable to the low solubility limit of
dopants in orthorhombic GeSe.48 The electronegativity difference between Cd
and Se (0.86) is greater than that of Cd and Te (0.41). Thus, Cd is more inclined
to bond with Se than Te. As a result, scanning electron microscopy (SEM) and
energy dispersive X-ray spectroscopy (EDS) analyses have revealed the presence
of trace amounts of CdSe impurity phases, ranging in size from submicron to
micron scale (Figures S1 and S2, Supporting Information).
To more accurately illustrate the two-step phase manipulation achieved

through progressively CdTe and Pb co-alloying, we calculate the phase ratios
and lattice parameters of all the samples, as plotted in Figures 2B–2E. The
proportions of both rhombohedral GeSe phase andmicron-sized CdSe precipita-
tions gradually rise with increasing CdTe content (Figure 2B). For example, in the
x = 0.25 sample, the percentage of orthorhombic phase significantly descends to
10%, while the percentage of rhombohedral GeSe andmicron-scale CdSe precip-
itates ascends to 68% and 22%, respectively. After Pb substitution, the percent-
age of the rhombohedral phase increases further. Intriguingly, the content of
micron-scale CdSe precipitates substantially declines, possibly attributable to
the enhanced solubility of the dopant in rhombohedral GeSe compared with its
orthorhombic variant.47 Specifically, the percentage ofmicron-scale CdSe precip-
itates ascends fromabaseline of 0wt% in binary GeSe to 22wt% for the x =0.25
sample, and then decreases to 9 wt % for the y = 0.30 sample. This results in a
ratio of rhombohedral GeSe to orthorhombic GeSe and micron-scale CdSe of
84:7:9 for the y = 0.30 sample.
As depicted in Figure 2C, the lattice parameters a, b, and c of both ortho-

rhombic and rhombohedral GeSe increase upon CdTe and Pb co-alloying, which
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is attributed to the larger ionic radii of Cd (95 p.m.)/Pb (119 p.m.) and Te (221
p.m.) compared with those of Ge (73 p.m.) and Se (198 p.m.), respectively.
Moreover, rhombohedral GeSe exhibits longer bond lengths than
orthorhombic GeSe, suggesting weaker chemical bonds for the former (Fig-
ure 2D). This results in a lower sound velocity (vm) and hence a reduced kL in ther-
moelectrics.33,35 The ratio of c/a and the interaxial angle (q), which provides a
comprehensive assessment of the PD degree in rhombohedral GeSe,21 remains
nearly constant when x ranges from 0.10 to 0.30. Conversely, the value of c/a
declines from 2.59 to 2.53 while the q rises from 87.9� to 88.7� as the Pb content
y increases from 0 to 0.3, signifying that Pb replacement can effectively reduce
the PD.

We conducted differential scanning calorimetry (DSC) to cross-check the
phase evolution upon CdTe-Pb co-alloying (Figure 2F). As for the samples
with x = 0.10 to 0.20, a weak exothermic peak was detected, signaling an
adverse transformation from the metastable rhombohedral phase to the stable
orthorhombic or hexagonal phase (additional details are provided in the supple-
mental information).21 For the x R 0.25 samples and y series, no detectable
exothermic peaks were observed in the DSC curves. Instead, both of these
samples showed two endothermic peaks, which were related to the rhombohe-
dral-cubic phase transition and the orthorhombic-cubic phase transition,
respectively.21 In comparison with x = 0.25 and 0.30 samples, the tiny area
of the second endothermic peak for the y series unraveled that Pb alloying
greatly reduced the percentage of the orthorhombic phase, which is in line

A

C

E F

D

B
Figure 2. Examine the phases of as-prepared sam-
ples (A) Room temperature powder XRD patterns of
Ge1-yPbySe(CdTe)x samples. The calculated (B) phase
proportion; (C) lattice parameters a, b, c; (D) bond
distances; and (E) the ratio of c/a and bond angles q of
Ge1-yPbySe(CdTe)x samples. (F) The DSC curves and
the determined phase transition temperatures of
representative Ge1-yPbySe(CdTe)x samples.

with the XRD results. More importantly, the
rhombohedral-cubic phase transition tempera-
ture corresponding to the first endothermic
peak gradually declined from 600 K to 542 K
as y increased from 0 to 0.3, further indicating
a moderate suppression of the PD of rhombo-
hedral GeSe.

To examine the impact of the crystal struc-
tures and microstructures on the TE
properties obtained, we employed transmission
electron microscopy (TEM) characterizations to
analyze the Ge0.8Pb0.2Se(CdTe)0.25 sample as
an example. The results are displayed in Figure 3.
TEM images in Figures 3A–3C reveal high-den-
sity herringbone domain structures. Due to the
phase transition from cubic to rhombohedral
structures with symmetry reduction, such ferro-
electric domains along the <111> directions
emerge to alleviate stress.50 In comparison
with the typical ferroelectric domains with a
width of approximately 100 nm in GeTe,51 our
sample demonstrates a much narrower ferro-
electric domain, which is only 15–35 nm in width
(Figure 3B). These ferroelectric domains can
effectively scatter phonons,51 which partly ex-
plains the low kL obtained in our sample.

The high-resolution TEM (HRTEM) image in
Figure 3D, taken from the framed area in
Figure 3A, displays well-defined atomic arrange-
ments, suggesting high-quality crystallinity. The
corresponding fast Fourier transform (FFT) in
the inset of Figure 3D can be indexed to the
rhombohedral GeSe along the [100] zone axis.
The intensity line profiles along (003) and (021)

planes (Figures 3E and 3F) and the displayed atom arrangements by the
zoom-in HRTEM image (Figure 3G) agree with the corresponding atomic model
(Figure 3H). This further substantiates the formation of metavalently bonded
rhombohedral GeSe.
We observed submicron-scale CdSe secondary phases, which may be attrib-

uted to the limited solubility of Cd in GeSe (Figure 3I), agreeing with the XRD and
SEM results. Figure 3J is an HRTEM image showing three nanoscale particles,
designated as “a, b, and c.” The FFT images (Figure 3K) indicate that a and b
can be indexed to GeSe while c to CdSe. These high-angle phase boundaries be-
tween GeSe and CdSe can scatter low-frequency phonons due to interfacial
acoustic mismatch.
To unveil the driving force of the structural transition of GeSe from

orthorhombic to rhombohedral by alloying with CdTe and Pb, atom probe
tomography (APT)30 characterizations were carried out on GeSe(CdTe)0.25 and
Ge0.8Pb0.2Se(CdTe)0.25 samples. Figure 4A shows the elemental distribution of
sample GeSe(CdTe)0.25, where a grain boundary (GB) is indicated by arrows.
The corresponding linear composition profile across the GB in Figure 4B displays
slightly different compositions in the abutting two grains. The content of Te
varies between 12.5 at% and 20 at% in different grains, implying a large tolerance
of composition in the rhombohedral GeSe phase.35 This high content of Te is
enough to increase the degree of p-orbital overlap, which enables a decreased
degree of Peierls distortion as well as the chemical bonding transition from co-
valent bonding to metavalent bonding.35 The MVB mechanism is verified by

ARTICLE

ll The Innovation 4(6): 100522, November 13, 2023 3



the high “probability of multiple events (PME)” observed in APT measurements,
as shown in Figure 4C. PME describes the probability of dislodging more than
one ion by breaking the chemical bonds in a successful laser pulse.52,53 This
high PME value is a hallmark of MVB compounds.52,54 Note that the PME value
drops at the GB due to the local collapse of MVB, which can impact the electron
and phonon scattering strength at the GB.55–57 This high PME value and MVB
mechanism are in contrast to that of the pristine GeSe, which shows low PME
and covalent bonding. Accordingly, the content of Te and other dopants in the
covalent GeSe phase is much lower. We also observed the CdSe second phase
with a lowPME value in the sample GeSe(CdTe)0.25, corroborating the iono-cova-
lent bonding nature of CdSe, as presented in Figure S3, supporting information.
The precipitation of CdSe will not impact the chemical bonding mechanism of
the matrix as proved by the PME value of the matrix in Figure 4C. Note that
two phaseswith different chemical bondingmechanisms are often immiscible.58

Further alloying with Pb does not change the chemical bonding mechanism but
modifies the local structural distortions as demonstrated by XRD results.

Figure 4Dshowsahomogeneous distribution of all constituent elements in the
matrix of the sample Ge0.8Pb0.2Se(CdTe)0.25, which can also be demonstrated in
the linear composition profile in Figure 4E. The concentration of each element is
very close to the nominal stoichiometry except for Cd and Se. This indicates that
CdSe second phases should still exist in the Pb-alloyed samples, as has also
been observed by TEM (Figure 3I). However, the CdSe precipitates are not
included in the probed volume of APT measurements due to the limited field
of view of APT (about 100 nm in diameter and 500 nm in length depending on
the material). Nevertheless, due to the increased volume fraction of rhombohe-
dral GeSe (Figure 2), the total number density of CdSe precipitates should
decrease in the Pb-alloyed sample due to the much higher solubility of Cd in
the rhombohedral phase than that in the pristine orthorhombic GeSe. The
PME map in Figure 4F supports the MVB mechanism in the Pb-alloyed sample.
Here, we demonstrate that the phase transition of GeSe from orthorhombic to

A

D

I J K

GE H

F

B C
Figure 3. Structural characterization by transmis-
sion electron microscope (TEM) (A) The low-resolu-
tion image of the Ge0.8Pb0.2Se(CdTe)0.25. (B and C)
The structures of domains for different scales. (D) The
high-resolution image collected from the blue box in
(A), showing the atomic arrangement. The fast Fourier
transform (FFT) of (D) displays the diffraction pattern
of rhombohedral GeSe along the [100] direction
(inset). (E and F) The corresponding intensity line
profile alone (003) and (021) planesmarked in D. (G) A
close-up of D showing the arrays of atoms and (H) the
corresponding atomic model of the rhombohedral
phase. (I) TEM image and energy dispersive spectrum
(EDS)mapping of the elemental Ge, Se, Cd, Pb, and Te,
revealing the existence of CdSe second phases. (J)
The high-resolution image showing the clear high-
angle boundaries. (K) FFT analysis of (J) as well as the
fraction of a, b, and c, indicating the phase boundary
between GeSe and CdSe.

rhombohedral by alloying with CdTe is accompa-
nied by a chemical bonding transition from cova-
lent to metavalent. This bonding transition will
lead to a significant change in the electronic
band structures and lattice vibration properties.
Based on this MVB matrix, a very high content
of Pb can be introduced into the lattice to further
modify the degree of Peierls distortion and the
concomitant transport properties, as is dis-
cussed in detail below.

To explore the impact of chemical bond-driven
two-step phasemanipulation onband structures,
we performed first-principles calculations (DFT).
Calculated band structures of orthorhombic
and rhombohedral GeSe, CdTe-alloyed rhombo-
hedral GeSe, and CdTe-Pb co-alloyed rhombohe-
dral GeSe are depicted in Figures 5 and S4,
supporting information. The one-step phase

manipulation, i.e., elevating the crystal symmetry by substantially reducing the
PD,35 enhances the NV of GeSe. In the orthorhombic phase, the valence band
maximum (VB1) is situated along theG-Z direction with anNV of 2, while an extra
valence band edge (VB2) is positioned at the G point with an NV of 1 (Figures 5A
and 5C). VB1 andVB2 are separated by a small energy gap (DE) of 0.12 eV. As can
be seen, orthorhombicGeSe has a lowNV. Besides, it is challenging to involve VB2

in carrier transport. Theoretically, if the nH of orthorhombic GeSe could be
increased to 5 3 1019 cm�3, both VB1 and VB2 could contribute to the carrier
transport, resulting in an overall NV of 3. However, the strong iono-covalent
bonding in orthorhombic GeSe renders chemical doping exceedingly chal-
lenging.48 Ag is the most effective acceptor dopant for orthorhombic GeSe,
but it can only elevate the nH to 1018 cm�3,48 which is insufficient to activate
VB2 contribution. Favorably, rhombohedral GeSe has a much higher NV. Specif-
ically, the VB1 is located at the L point with anNV of 3, and the VB2 is along the T-H
directionwith anNV of 6 (refer to the calculated band structure andFermi surface
in Figures 5B and 5D). Therefore, by attaining an appropriate doping level, the NV

of rhombohedralGeSe canbe increased to 9, far surpassing that of orthorhombic
GeSe (NV = 2).
Furthermore, the chemical bonding change associated with the phase transi-

tion contributes to additional improvements in electrical properties. First, the
calculated Eg of rhombohedral GeSe (0.43 eV) is significantly lower than that
of orthorhombic GeSe (0.76 eV), adhering to the 6–10 kBTo rule, where kB is
the Boltzmann constant and To is the operating temperature.9 In general, the
half-filled electronic energy band, which is the essence of MVB, should lead to
a metallic ground state. Yet, this configuration is unstable against either a small
Peierls distortion or a moderate charge transfer.59 Both processes open the
bandgap, turning these chalcogenides into narrow-bandgap semiconductors.
This explains the narrowed bandgap from orthorhombic to rhombohedral
GeSe due to the suppressed Peierls distortion. This appropriate Eg preserves
high s without pronounced adverse bipolar effects. Second, the band structure
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curvature drastically diminishes from the orthorhombic phase to the rhombohe-
dral phase due to the shrinkage of the bandgap, suggesting a reducedmb*, which
favors a high mH. Last, rhombohedral GeSe containing weaker metavalent bonds
as verified by the small bond order (1/2) generates more cation vacancies
compared with orthorhombic GeSe with strong covalent bonding, substantially
increasing the nH. This, in turn, promotes the solubility of dopants inmetavalently
bonded GeSe, granting it superior tunable TE performance.

Although the one-step phasemanipulation effectively increasesNV, theDE be-
tween VB1 and VB2 in rhombohedral GeSe remains at 0.24 eV, which is higher
than that observed in cubic PbTe (0.15 eV)60 and rhombohedral GeTe (0.15
eV).12 Consequently, the subsequent phase manipulation further reduces the
PD and encourages the convergence of the valence bands. Evidently, the DE
initially slightly decreased from 0.24 eV for binary rhombohedral GeSe to 0.19
eV (Figure 5D) for CdTe alloyed sample (Figure 5E), and subsequently experi-
enced a substantial reduction to 0.10 eV for CdTe-Pb co-alloyed one (Figure 5F).

To elucidate the impact of two-step phase manipulation on the electrical
properties, we measured the room temperature nH and mH for all Ge1-yPbySe(Cd-
Te)

x
samples (Figure 6). In comparison with orthorhombic GeSe, co-alloying

with CdTe and Pb results in a remarkable increase in nH, which originates
from the rhombohedral structure with a lower formation energy of Ge vacancies
(Figure 6A) due to the weak metavalent chemical bonds.9 Typically, the room
temperature nH dramatically rises from 1.2 3 1016 cm�3 for binary GeSe to
4.3 3 1020 cm�3 for x = 0.20 sample, representing a four-order of magnitude
enhancement. Notably, previous studies have reported that nH values for
GeSe(AgSbTe2)x,

41 GeSe(AgSbSe2)x,
39 and (GeSe)1-x(Sb2Te3)x

45 fall rapidly with
increasing x after forming the exclusive rhombohedral (or cubic) phase. This is
mainly because the rhombohedral or cubic GeSe alloys can be largely mixed
with Ag-V-VI2 and Sb2Te3 due to the same MVB mechanism utilized by these
phases.58 The increased content of Sb and Bi plays a role as donor dopants
that decrease the hole concentration. In contrast, our findings indicate that nH re-
mains relatively constant as x increases. This observation can be ascribed to the
combined effects of the increasing ratio of the rhombohedral to orthorhombic
phase, which successively elevates the Ge vacancy concentration, and the
increased overall size of cations after Cd alloying, which marginally suppresses
the formation of Ge vacancies.9 Nevertheless, the nH of 4.33 1020 cm�3 exceeds
the optimal level.39 To resolve this issue, extra Pb atomswith a larger radiuswere
utilized to replace Ge, thereby alleviating the excessive Ge vacancies and

A

B E

C D F
Figure 4. APT characterization results of
GeSe(CdTe)0.25 and Ge0.8Pb0.2
Se(CdTe)0.25 samples (A) 3D distribution of ele-
ments Ge, Se, Te, and Cd, where a GB is indicated by
an arrow. (B) Composition profile across the GB along
the arrow direction in (A). (C) 3D PME map demon-
strating the abnormal bond-breaking behavior indic-
ative of the MVB mechanism. The local decrease in
PME at the GB indicates the breakdown of MVB there.
(D) 3D distribution of elements Ge, Se, Te, Pb, and Cd.
No obvious segregation and clusters are found. (E)
Composition profile along the vertical direction
calculated in a cuboid region of interest. A high solu-
bility of Pb close to its nominal value is obtained, while
the content of Cd is lower than its nominal one,
demonstrating the presence of CdSe precipitates as
observed in TEM. (F) 3D PME map verifies the MVB
mechanism in the Pb-alloyed sample.

reducing the nH.
61 In particular, as y increases

from 0 to 0.3, the room temperature nH progres-
sively decreases from 4.3 3 1020 cm�3 to 7.73

1019 cm�3.
The observed monotonic increase in mH for

GeSe(CdTe)x can be attributed to the increased
ratio of the rhombohedral phase upon CdTe al-
loying, which possesses a lighter mb* due to
the smaller degree of PD and thus a narrower
bandgap compared with that of orthorhombic
phase (Figure 6B).9 Here, we noticed a simulta-
neous increase of the charge carrier concentra-
tion and mobility in the rhombohedral phase

due to the unique metavalent bonding mechanism. Conversely, the additional
Pb alloying results in a slight decline in mH due to the point defect scattering
on charge carriers. Typically, the room temperature mH experiences a significant
increase from 1.3 cm2V�1s�1 for GeSe to 14.9 cm2V�1s�1 for the x = 0.25 sam-
ple, and subsequently drops slightly to 10.3 cm2V�1s�1 for the y = 0.2 sample. As
shown in Figure 6C, the electrical conductivity s experiences a marked rise with
CdTe alloying, primarily due to the concurrent increase innH andmH. Furthermore,
the incorporation of Pb results in amoderate reduction of s because of the simul-
taneous decrease in nH and mH. For example, the room temperature s notably in-
creases from0.26 Sm�1 for GeSe to 1.03 105 Sm�1 for the x = 0.25 sample, and
then diminishes to 1.80 3 104 Sm�1 for the y = 0.2 sample.
In contrast to the variation of s, a exhibits a sharp decline with increasing CdTe

content (Figure 6D). This behavior can be attributed to the four-order of magni-
tude increase in nH. Subsequently, the substitution of Ge by Pb mitigates the
excessive nH and substantially enhances a across the entire temperature range.
Typically, the room temperature a rapidly diminishes from775mVK�1 for GeSe to
70 mVK�1 for the x = 0.25 sample, followed by a remarkable increase to
233 mVK�1 for the y = 0.30 sample.
Apart from nH, a strongly hinges on the NV and hencem*. Based on the single

parabolic band (SPB) model (details can be found in the supplemental informa-
tion), the relationship between a and nH at room temperature, known as the Pi-
sarenko curve,62 is calculated to emphasize the decisive role of the two-step
phasemodulation onm* (Figure 6E). First, orthorhombic GeSe owns a very small
m* � 0.72m0 due to the low NV, which agrees with the literature data.46,48 Sec-
ond, we observe that CdTe alloying modifies the crystal symmetry of GeSe from
orthorhombic to rhombohedral by markedly suppressing the PD. This alteration
increases the valley degeneracy, raisingm* from0.72m0 to 2.0m0.Moreover, Pb
alloying slightly reduces the PD within rhombohedral GeSe, promoting the
convergence of valence bands and further boosting m* to 3.5 m0. As a conse-
quence, the a of the y = 0.20 sample is 173 mVK�1 at 300 K, reaches a peak value
of 250 mVK�1 at 473 K, and maintains 225 mVK�1 at 773 K. These findings un-
derscore the efficacy of our two-step phase manipulation strategy in tailoring
band structures in low-symmetry TE materials.
The synergy of excellent s and decent a through two-step phasemanipulation

contributes to high PF throughout the temperature range for our GeSe-based
alloys (Figure 6F). The dramatic increase in PF after CdTe alloying primarily
originates from the simultaneous increase in nH, mH, and m*. Especially, the PF
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B D F

C E

Figure 5. Calculated electronic band structures The Fermi energy in the first Brillouin zone for (A) orthorhombic and (B) rhombohedral GeSe. Electronic band structures for
(C) orthorhombic Ge27Se27, (D) rhombohedral Ge27Se27, (E) rhombohedral Ge26CdSe22Te5, and (F) rhombohedral Ge21CdPb4Se22Te5.

A

D E F

B C

Figure 6. Electrical transport properties The room temperature (A) carrier concentration (nH) and (B) carrier mobility (mH) of Ge1-yPbySe(CdTe)x samples (0% x% 0.30, 0.10% y%
0.30) together with literature data.39,41,45 Temperature dependence of (C) electrical conductivity (s), (D) Seebeck coefficient (a), and (F) power factor (PF) of Ge1-yPbySe(CdTe)x
samples. (E) The calculated Pisarenko curves at room temperature for Ge1-yPbySe(CdTe)x samples based on the SPB model.
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of the x = 0.25 sample reaches 1.33 10�3 Wm�1K�2 at 723 K, which is compa-
rable to most advanced GeSe-based alloys.9,21,39,41–45 Even though the orbital
degeneracy and m* are increased by further Pb alloying, the PF at high temper-
atures is slightly decreased. This ismainly because of the reduction inmH induced
by the strong alloy scattering upon Pb alloying. Nevertheless, the reduced mH will
be compensated for by the enhanced phonon scattering that decreases the kL.
This will result in a net increase in the final zT value, which is discussed below.
In addition, the abrupt decline in the PF for x = 0.10–0.20 samples observed at
approximately 650 K correlates with an undesirable transition from the meta-
stable rhombohedral phase to either the stable orthorhombic or hexagonal
phase.21 Further insights into this correlation and the underlying mechanisms
are detailed in the supplemental information.

The two-step phase manipulation also exerts a considerable impact on k (Fig-
ure 7A). k first increases with CdTe content, except for the x = 0.10 sample, and
then significantly declines after further Pb alloying. Specifically, the room temper-
ature k climbs from 1.7 Wm�1K�1 for pristine GeSe to 2.1 Wm�1K�1 for the x =
0.25 sample, and subsequently descends to 0.8 Wm�1K�1 for the y = 0.30
sample.

The high kL of binary GeSe, obtained by excluding ke from k, is effectively
restrained due to the two-step phase manipulation, as depicted in Figures 7B
and S5, supporting information. The k - ke for all samples demonstrates an initial
descent with increasing temperature, signifying the negligible impact of the bipo-
lar effect near room temperature. This allows us to confidently discuss the effect

A

C

E F

D

B
Figure 7. Thermal transport properties and zT
values Temperature dependence of (A) thermal con-
ductivity (k), (B) lattice thermal conductivity (kL), and
(E) zT values. (C) The mean sound velocity (vm), and
(D) Gr€uneisen parameter (g) at room temperature for
our GeSe-based alloys together with literature
data.68–70 (F) The advance of average zTave values for
the Ge1-yPbySe(CdTe)x samples in this work.

of two-step phasemanipulation on room temper-
ature kL, without the need to account for the bipo-
lar effect. The room temperature kL initially drops
from1.8Wm�1K�1 for GeSe to 1.3Wm�1K�1 for
the x = 0.20 sample. However, when x> 0.20, the
kL experiences slight growth, attributable to the
significantly increased number and size of
the micron-scale CdSe secondary phases with
intrinsically higher kL.

63 Interestingly, the subse-
quent Pb alloying promotes the dissolution of
excessive micron-scale CdSe secondary phases
and facilitates the atomic-scale Pb3Ge, leading to
a significant reduction in kL again. Especially, a
minimum kL � 0.55 Wm�1K�1 at 773 K is at-
tained for Ge0.80Pb0.20Se(CdTe)0.25 sample,
approaching the amorphous limit of GeSe
(0.39 Wm�1K�1).48 How does the two-step
phase modulation suppress the kL? The answer
lies in the fact that the progressively CdTe and
Pb co-alloying allows for the rational design
and integrated construction of multiscale micro-
structures, which encompass atomic-scale sub-
stitutions and Ge vacancies, nanoscale domains,
as well as the dispersive micron-size CdSe pre-
cipitates. The formation of such multiscale mi-
crostructures can scatter broadwavelength pho-
nons accumulatively.64,65 Figure S6 in the
supporting information depicts the impact of de-
fects with varying scales on the kL, quantified
through the Debye-Callaway model.66

In addition, the two-step phase manipulation
also enables the precise modification of the
phonon dispersion relation. On the one hand,
both weak chemical bonds and heavy atoms

contribute to the low sound velocity (vm).
33 Orthorhombic GeSe is formed by

strong covalent bonding.35 In contrast, the rhombohedral GeSe is generated by
weak metavalent bonding.35 From Table S1, supporting information, it is evident
that rhombohedral GeSe with metavalent bonding owns lower Young’smodulus
(E) and Debye temperature (qD), indicating weaker chemical bonding compared
with orthorhombic GeSe utilizing covalent bonding. Coupled with the increased
atomic masses upon the substitution of Cd and Pb on Ge sites and Te on Se
sites, the room temperature vm is substantially reduced from 2112 ms�1 for
GeSe to 1726ms�1 for the y=0.30 sample (Figure7C). TheGr€uneisenparameter
(g), which stands for the lattice anharmonicity,33 increases from 1.4 for ortho-
rhombic GeSe to 1.8 for rhombohedral samples because of the highly delocal-
izedp-electrons inmetavalent bonds (Figure 7D).67 Thesedelocalizedp-electrons
couple with transverse optical (TO) phonons, as well as the Peierls distortion is
related to a lattice instability, which lowers the frequency of TO phonons, due
to the high values of theBorn effective charge in theseMVBmonochalcogenides.
This increases the phase space for Umklapp phonon scattering processes and
significantly reduces the kL.

67 Interestingly, the vm and g in our rhombohedral
GeSe-based alloys are comparable to those in advanced metavalently bonded
TE materials such as PbSe,68 PbTe,68 Sb2Te3,

69 and AgSbTe2.
70

The synergy of the beneficial outcomesof two-stepphasemodulation on band
structure, phonon dispersion relation, andmicrostructure results in a remarkable
enhancement of the zT value (Figure 7E). Notably, the peak zT of 0.90 at 773 K is
attained for Ge0.80Pb0.20Se(CdTe)0.25, representing an approximately 18-fold
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increase compared with the pristine orthorhombic GeSe with a maximum zT of
0.05 at 673 K (Figure 7F). While GeSemight display suboptimal TE performance
in comparison with certain IV-VI counterparts, the overarching emphasis of our
study is not on the material-specific properties, but on a pioneering two-step
phase manipulation strategy grounded in progressive chemical bond tailoring.
These results not only highlight the significant role of two-step phase manipula-
tion in enhancing the figure of merit for low-symmetric materials but also sug-
gest the potential of stepwise tailoring chemical bonds to expand the scope of
TE materials research.

CONCLUSION
For low-symmetry compounds with limited band degeneracy, the conven-

tional one-step phase manipulation strategy, relying solely on the valley or
orbital degeneracy, proves insufficient to achieve a high density-of-states effec-
tive mass and, consequently, exceptional TE performance. In this work, we
introduce a novel two-step phase manipulation strategy through sequential
tailoring of chemical bonds in GeSe via CdTe and Pb co-alloying. The CdTe al-
loying promotes the transition of chemical bonding from covalent to metava-
lent by substantially suppressing the Peierls distortion, altering the crystal
structure of GeSe from a low-symmetric orthorhombic phase to a medium-
symmetric rhombohedral phase. This transition elevates the crystal symmetry,
thereby enhancing the valley degeneracy. Subsequently, the incorporation of Pb
further moderately reduces the Peierls distortion and the associated electronic
band structures, leading to multivalence band convergence and a significant in-
crease in density-of-states effective mass. Moreover, the metavalently bonded
GeSe exhibits a lower formation energy for Ge vacancy, lighter band effective
mass, stronger lattice anharmonicity, and reduced sound velocity. These char-
acteristics yield a higher carrier concentration, improved carrier mobility, and
restrained lattice thermal conductivity compared with its covalently bonded
counterpart. As a result, rhombohedral Ge0.8Pb0.2Se(CdTe)0.25 attains a
maximum zT � 0.9 at 773 K, representing an 18-fold increase compared
with the orthorhombic GeSe. These findings underscore the significant role
of the two-step phase manipulation strategy, achieved through stepwise
tailoring of chemical bonds, in enhancing the zT of numerous low-symmetric
materials.

MATERIALS AND METHODS
See the supplemental information for detail.
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