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1. Introduction

The demand for sustainable and clean 
energy has motivated the development 
of thermoelectric (TE) materials, which 
can directly convert heat into electricity 
and enable distributed cooling.[1–3] The 
efficiency of energy conversion is meas-
ured by the dimensionless figure of merit, 
zT = S2σT/(κele + κlat), where S, σ, T, κele, 
and κlat are the Seebeck coefficient, elec-
trical conductivity, absolute temperature, 
electronic thermal conductivity, and lat-
tice thermal conductivity, respectively.[4–8] 
Even though the expression for zT appears 
simple, increasing its value is a formi-
dable task. Specifically, while a high S is 
often obtained in semiconductors, a large 
σ is found in metals, and a low κlat is real-
ized in amorphous materials.[6,9] This is 
already indicative of complex optimiza-
tion requirements. Obviously, the relevant 
optimization parameters S, σ, and κele 
are closely intertwined. This impedes the 
improvement of zT and the identification 
of superior thermoelectrics. Hence, the 

Doping is usually the first step to tailor thermoelectrics. It enables pre-
cise control of the charge-carrier concentration and concomitant transport 
properties. Doping should also turn GeSe, which features an intrinsically a 
low carrier concentration, into a competitive thermoelectric. Yet, elemental 
doping fails to improve the carrier concentration. In contrast, alloying with 
Ag–V–VI2 compounds causes a remarkable enhancement of thermoelectric 
performance. This advance is closely related to a transition in the bonding 
mechanism, as evidenced by sudden changes in the optical dielectric con-
stant ε∞, the Born effective charge, the maximum of the optical absorption 
ε2(ω), and the bond-breaking behavior. These property changes are indicative 
of the formation of metavalent bonding (MVB), leading to an octahedral-like 
atomic arrangement. MVB is accompanied by a thermoelectric-favorable 
band structure featuring anisotropic bands with small effective masses and a 
large degeneracy. A quantum-mechanical map, which distinguishes different 
types of chemical bonding, reveals that orthorhombic GeSe employs cova-
lent bonding, while rhombohedral and cubic GeSe utilize MVB. The transi-
tion from covalent to MVB goes along with a pronounced improvement in 
thermoelectric performance. The failure or success of different dopants can 
be explained by this concept, which redefines doping rules and provides a 
“treasure map” to tailor p-bonded chalcogenides.

Research Article
﻿

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adma.202300893.

© 2023 The Authors. Advanced Materials published by Wiley-VCH 
GmbH. This is an open access article under the terms of the Creative 
Commons Attribution-NonCommercial License, which permits use,  
distribution and reproduction in any medium, provided the original work 
is properly cited and is not used for commercial purposes.

Adv. Mater. 2023, 35, 2300893

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.202300893&domain=pdf&date_stamp=2023-03-27


www.advmat.dewww.advancedsciencenews.com

2300893  (2 of 11) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

development of straightforward and comprehensible optimiza-
tion strategies could provide much-needed thrust.

Indeed, the last decades have witnessed the development of 
several such strategies.[10–15] As early as 1956, Ioffe et  al. pro-
posed that solid solutions or alloys should be superior to pure 
elements or compounds for TE applications.[1,16] In line with 
this suggestion, the TE properties in classic systems such as 
Bi2Te3, PbTe, and Si could be significantly improved by doping/
alloying with Sb, Se, and Ge, respectively.[17] Since then, the 
chemical doping strategy has been employed extensively to 
optimize TE performance. The most obvious purpose of doping 
is to adjust the charge-carrier concentration by donating or 
accepting electrons. Yet, doping can also suppress thermal con-
ductivity by introducing defects.[1,17,18] With the development 
of rigorous theories and a better understanding of the impact 
of the electronic band structure, the chemical doping strategy 
has been further refined. It now enables band engineering 
to improve power factors by tuning the density-of-states and 
the band effective masses.[19,20] Taking PbTe as an example, 
the band convergence with aligned band extrema is realized 
by doping with Se,[11] Eu,[21] and Mg;[22] and the band anisot-
ropy with different longitudinal and transverse band effective 
masses can be modified by doping with Mn.[23] Similarly, the 
TE performance of GeTe can be largely improved by doping 
with Sb,[24] In,[24] Bi,[25] Pb,[25,26] Mn,[27] Cd,[28] etc. It seems that 
chemical doping is a universal approach to increase zT. It thus 
should be easily applicable to all other TE materials, including 
Cu-doped PbSe,[29] Sn-doped PbS,[30] In-doped SnTe,[31] and Na/
Br-doped SnSe,[32,33] to name a few. However, the elemental 
doping strategy inexplicably fails to adjust the carrier concen-
tration and TE properties of some compounds. GeSe is such an 
example, as will be elaborated below.

As a close isoelectronic counterpart to GeTe and SnSe, GeSe 
has attracted much less attention because of its poor TE per-
formance. Theoretical calculations predicted very promising 
TE properties for GeSe with an optimized carrier concentra-
tion of about 5  ×  1019  cm−3.[34] Intuitively, it should be easy to 
tune the carrier concentration by conventional chemical doping 
because it works efficiently in other IV–VI chalcogenides as 
summarized above. Yet, extensive work demonstrates that it 
is very difficult to increase the carrier concentration in GeSe 
by dopants such as Na,[35–37] Cu,[37] Ag,[35,37] Bi,[37] Sb,[38] La,[37] 
As,[37] and I.[37] The highest carrier concentration achieved by 
Ag/Sn co-doping (1018  cm−3)[37] is still far below the optimum 
value for GeSe.[34] As a result, a maximum zT of only 0.2 was 
obtained in Ag0.01Ge0.79Sn0.2Se.[37] In striking contrast, the car-
rier concentration of GeSe can be easily increased by orders of 
magnitude upon alloying with GeTe,[39–41] Sb2Te3,[42] AgSbSe2,[43] 
AgSbTe2,[44] AgBiSe2,[45,46] and AgBiTe2.[47] As a consequence, 
the zT value is increased by a factor of about ten (to zT ≈ 1.0) 
compared to pristine GeSe (zT  <  0.1).[40,42–47] This dichotomy 
into successful and unsuccessful dopants is striking, in par-
ticular since it seems difficult to explain the difference between 
success and failure. Hence, it is fair to say that clear selection 
criteria for dopants of a given solid are still missing.

In this work, GeSe–x%AgSbSe2 alloys (x = 0, 2.5, 5, 7.5, 10, 
and 15) are selected as representative samples to reveal the 
mechanism underpinning the successful doping of Ag–V–VI2 
compounds in GeSe. This study shows that there is a common 

denominator found for all successful dopants. In the second 
step, it will be shown that this common denominator can be 
attributed to an unconventional bonding mechanism. In the 
third part, the close relationship between the favorable TE prop-
erties of successfully doped GeSe and its bonding mechanism 
will be presented. It will be shown that a suitable combination 
of host and dopant can be predicted from a quantum-chemical 
map for bonding. This work hence provides a generic avenue to 
screen dopants with a “treasure map” to tailor the TE properties 
of chalcogenides.

2. Results and Discussion

Figure 1a shows that the electrical conductivity increases with 
increasing AgSbSe2 content. Yet, a considerable increase is 
only obtained when x ≥ 10. Specifically, sample x = 15 shows an 
electrical conductivity of ≈200 S cm−1 in the entire temperature 
range measured. Note that the hump between 500 and 650 K 
results from the transition from the rhombohedral to the 
cubic phase as evidenced by X-ray diffraction (XRD) and dif-
ferential scanning calorimetry (DSC).[43] Similar phenomena 
have also been observed in other GeSe–AgVVI2 alloys[43,46] and 
GeTe[26] upon this phase transition. The Seebeck coefficient for 
pristine GeSe reaches ≈750 µV K−1 over a very large tempera-
ture range as shown in Figure 1b. This is due to the extremely 
low carrier concentration as determined by Hall measure-
ments (3.5  ×  1015  cm−3). By introducing AgSbSe2 into GeSe, 
the Seebeck coefficient decreases to ≈200 µV K−1, falling into 
the golden range.[48] Due to the significantly increased elec-
trical conductivity and relatively large Seebeck coefficients, 
sample x  = 15 shows much higher power factors reaching 
≈10.6  µW  cm−1  K−2 between 550 and 725  K, Figure  1c. The 
total thermal conductivity of pristine GeSe is 2.06 W m−1 K−1 
at room temperature (Figure 1d), in good agreement with the 
literature data.[37,38,45] Alloying with AgSbSe2 lowers the room-
temperature κtot to ≈1.2 W m−1 K−1. The lattice thermal conduc-
tivity is calculated by subtracting the electronic contribution 
according to the Wiedemann–Franz law, κele  = LσT, where 
the Lorenz number L is derived from the Single Parabolic 
Band (SPB) model (κele and thermal diffusivity are provided 
in Figure S1, Supporting Information). The lattice thermal 
conductivity (κlat) decreases with increasing temperature in 
pristine GeSe. This is characteristic for samples dominated by 
Umklapp phonon scattering. The AgSbSe2-alloyed samples, on 
the contrary, exhibit a much smaller temperature dependence, 
Figure  1e. Particularly for sample x  = 15, the κlat is consider-
ably reduced at low temperatures, indicating modifications to 
the physical parameters that determine κlat.[8] The small hump 
in the κlat curves is induced by the phase transition. Owing 
to the high power factor and low thermal conductivity, the 
zT value for sample x  = 15 is significantly increased in the 
entire temperature range relative to other samples investi-
gated, Figure 1f. The highest zT value reaches 0.84 at 720 K for 
sample x = 15, which is enhanced by a factor of 12 compared 
with that for pristine GeSe (0.07 at 720  K). This considerable 
improvement of zT requires explanations from a perspective 
of phonon and electron transport, which will be discussed in 
detail later.

Adv. Mater. 2023, 35, 2300893
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The TE properties obtained in this work are consistent with 
that reported by Huang et al.[43] A similar improvement of TE 
performance has been observed upon alloying with GeTe,[39–41] 
Sb2Te3,[42] AgSbTe2,[44] AgBiSe2,[45,46] and AgBiTe2.[47] This raises 
the question if there is a common denominator that character-
izes all of these dopants. A closer inspection of all these suc-
cessful dopants reveals that they resemble each other in terms 
of their atomic arrangement. They display an octahedral atomic 
arrangement with small or no lattice distortion. This atomic 
arrangement can be attributed to a special bonding mechanism. 
All these solids are characterized by half-filled σ-bonds formed 
of p-orbitals, a bonding configuration that could be described as 
2c1e, that is, metavalent bonding (MVB).[49,50] This bond dif-
fers significantly from conventional covalent bonding (2c2e 
bonding). Recently, a conceptionally simple scheme has been 
suggested to describe how valence electrons of different atoms 
interact with each other. Two quantities are sufficient to describe 

the bonds between adjacent atoms, that is, the number of elec-
trons transferred (ET) and shared (ES).[49] Figure 2 shows a 2D 
map spanned by ET and ES, which are calculated by quantum-
chemical tools.[51–53] Interestingly, materials that employ dif-
ferent chemical bonds are located in different regions of the 
map.[49,54] A pure ionic bond should have an ET value, renor-
malized by its formal oxidation state of the atoms involved, 
close to one. On the contrary, a pure covalent bond has an ES 
value of two, approaching the limit of an electron pair as sug-
gested by Gilbert Lewis.[55] We note that the majority of semi-
conductors lie on the connecting line between ionic and cova-
lent bonds. Such bonds can be called iono-covalent bonds.[56] 
The relative size of ES and ET characterizes the contribution 
of covalent and ionic bonding. Metallic bonds are found in 
the lower left corner. This region is characterized by small or 
vanishing ET and a small value for ES, due to a large number 
of nearest neighbors to share electrons with. Interestingly, the 

Adv. Mater. 2023, 35, 2300893

Figure 1.  Temperature-dependent thermoelectric properties of GeSe-x at% AgSbSe2 alloys (x = 0, 2.5, 5, 7.5, 10, and 15). a) Electrical conductivity;  
b) Seebeck coefficient; c) power factor; d) total thermal conductivity; e) lattice thermal conductivity; and f) figure of merit zT.
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abovementioned compounds that can effectively improve the 
TE performance of GeSe, such as GeTe, Sb2Te3, and AgSbTe2, 
are all located in a region characterized by a value of ES ≈ 1 and 
small ET (green area of Figure 2). Moreover, these compounds 
show a unique property portfolio including a large optical die-
lectric constant (ε∞), a high Born effective charge (Z*), strong 
anharmonicity, etc.[6,50] This unconventional combination of 
properties differentiates the corresponding chemical bonding 
mechanism from metallic, covalent, and ionic bonding and has 
thus coined metavalent bonding (MVB).[6,49,50,57–60] Concerning 
thermoelectrics, this raises an important question: why can 
the TE performance of GeSe be effectively improved through 
alloying with MVB compounds but not by conventional ele-
mental doping? Understanding this question could accelerate 
the discovery and design of high-performance TE materials.

In previous studies,[40,41,43–46,61] the considerably enhanced 
zT in GeSe alloys was attributed to a phase transition from 
an orthorhombic to a rhombohedral or a cubic phase. Yet, the 
arrangement of atoms is inherently determined by the chem-
ical bonding mechanism, which governs the structure with the 
lowest energy. In other words, chemical bonding determines 
the resulting crystal structure. To provide a chemical bonding 
perspective on the TE performance, we have calculated the 
ES and ET values for orthorhombic, rhombohedral, and cubic 
GeSe as well as some relevant properties related to bonding. 
The orthorhombic GeSe lies close to the connecting line and 
employs covalent bonding with an ionic contribution, which 
is highlighted by a blue circle in Figure  2. In contrast, both 
rhombohedral and cubic GeSe phases reside in the MVB area. 
They have been marked by red and violet circles, respectively. 
Figure 2 provides strong evidence that the poor TE performance 
of pristine GeSe stems from its covalent bonds. The significant 
improvement of zT in the GeSe–15%AgSbSe2 alloy, on the con-
trary, results from the establishment of metavalent bonds. In 
the following, we will prove that the transition from covalent 
to metavalent bonds is essential for significantly improved TE 

properties. Subsequently, it will be explained, why metavalent 
bonding is favorable for the TE properties of many chalcoge-
nides and related materials.
Figure 3a presents the X-ray diffraction (XRD) patterns, 

which indicate that pristine GeSe and sample x = 2.5 employ 
an orthorhombic crystal structure (Pnma), while samples x = 5, 
7.5, and 10 possess a mixture of orthorhombic and rhombohe-
dral (R3m) phases. In contrast, sample x = 15 can be indexed to 
a pure R3m phase without a discernible second phase. All the 
abovementioned MVB compounds highlighted by yellow circles 
in Figure 2 will drive the phase transition from orthorhombic 
GeSe toward rhombohedral or cubic GeSe upon doping with 
these compounds. Figure 3b schematically sketches the trans-
formation between these three phases. Both the rhombohedral 
and orthorhombic structures can be derived from the cubic 
one. The transition from cubic to rhombohedral and finally 
orthorhombic GeSe can be attributed to a reduced degree of 
p-orbital overlap and a concomitant increase of the Peierls dis-
tortion (PD), where PD = rl/rs, that is, the ratio between long 
and short bonds, as indicated in Figure 3b. The size of the PD 
is governed by the two quantum chemical bonding descrip-
tors ES and ET.[54] Materials lying on the dashed green line 
in Figure  2 have no PD but instead, show a perfect octahe-
dral arrangement. Solids in the green region above the green 
dashed line, that is, materials with a larger ES value, possess a 
PD, which increases with increasing ES value. These materials 
have a distorted octahedral arrangement, yet with rather mod-
erate PD values. They frequently show a rhombohedral struc-
ture. Upon the transition from the metavalent to the covalent 
region, the chalcogenides discussed here, that is, GeSe or also 
SnSe, experience a significant change in atomic arrangement 
and switch to an orthorhombic arrangement. This rearrange-
ment leads to a much smaller overlap of adjacent p-orbitals, 
with several concomitant property changes. This can be seen 
from the optical dielectric function ε(ω), in particular the imag-
inary part ε2(ω).

Adv. Mater. 2023, 35, 2300893

Figure 2.  2D map spanned by the number of electrons transferred, renormalized by the oxidation state (ET), and the number of electrons shared (ES) 
between adjacent atoms. This map demarcates different chemical bonding mechanisms as depicted by different colors, which are based on the different 
properties of the different materials. Data are adapted from refs. [49,54], except for rhombohedral and cubic GeSe (this work).
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Figure  3c,d shows the orbital-resolved imaginary part of 
the dielectric function (ε2(ω)) in the energy range of electronic 
interband transitions obtained by density functional theory 
(DFT) calculations for Pnma and R3m GeSe phases, respec-
tively (data for Fm-3m phase can be found in Figure S2, Sup-
porting Information). The orbital-resolved ε2(ω) demonstrates 
that the strong optical absorption primarily stems from the p–p 

interband transitions for three GeSe phases. Yet, the maximum 
of ε2(ω) shifts toward lower energies and increases in magni-
tude upon the phase transition from the orthorhombic to the 
rhombohedral and then to the cubic phase (Figure S2a, Sup-
porting Information). According to Fermi’s golden rule, the 
energy dependence of ε2(ω) is governed by the joint density 
of states (JDOS) stemming from the valence and conduction 

Adv. Mater. 2023, 35, 2300893

Figure 3.  Correlations between phase transition and p-orbital overlap. a) XRD patterns at room temperature showing the pristine orthorhombic GeSe 
and a rhombohedral phase for GeSe–15%AgSbSe2, as well as the mixture of both between them for intermediate compositions. b) Sketches of cubic 
(Fm-3), rhombohedral (R3m), and orthorhombic (Pnma) GeSe phases, illustrating how the various structures derive from the cubic one by decreasing 
the p–p orbital overlap and thus increasing the degree of Peierls distortion. c,d) Orbital-resolved energy dependence of the imaginary part of the 
dielectric function for Pnma GeSe (c) and for R3m GeSe (d). e,f) Energy-dependent matrix element (ME) and joint density of states (JDOS) for Pnma 
GeSe (e) and for R3m GeSe (f).
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band energies, and by the matrix element for the transition 
between these states. Figure 3e,f indicates that the JDOS does 
not change significantly for the different phases. In contrast, 
the matrix element is considerably larger for the R3m phase. 
A non-vanishing matrix element is obtained when the parity of 
the initial and the final state changes. The size of the matrix 
element depends on the degree of orbital overlap. An increase 
in p–p orbital overlap, which characterizes a decreasing size of 
the Peierls distortion results in the enlarged matrix elements 
in the R3m phase (and Fm-3m phase). Due to the optical sum 
rule, this leads to a shift of the maximum of ε2(ω) to lower 
energies. Therefore, we can conclude that the phase transi-
tion from Pnma to R3m and then to Fm-3m is dominated by 
the increasing degree of p–p orbital overlap. This change in 
bonding also modifies the corresponding electronic band struc-
tures and concomitant transport properties as will be discussed 
below.

To validate that the change in structure is indeed accompa-
nied by a change in bonding, atom probe tomography (APT) 
studies have been performed. APT works on the principle of 
field evaporation.[18,62] Surface atoms evaporate in a high elec-
tric field by breaking the bonds to neighboring atoms triggered 
by a short laser pulse. Note that APT is sensitive to the bonds 
rather than the arrangement of atoms, that is, the crystal struc-
ture. Different chemical bonds show a distinct bond-rupture 
behavior. This is especially true for metavalent bonds, which 
are characterized by a rather unconventional bond rupture, 
characterized by exceptionally high values for the probability of 
multiple events (PME).[6,57,63,64] These multiple events describe 
the evaporation of more than one ion dislodged by a successful 
laser pulse (an unsuccessful laser pulse does not produce any 
detected ion dislodgement).[57,65] PME values >60% have been 
observed for all MVB compounds studied so far, as plotted in 
Figure 4b.[6,57,63,64] PME values significantly <60% are charac-
teristic for the other bonding mechanisms discussed here, that 
is, ionic and covalent bonding. Figure 4a shows the PME map 
of three GeSe samples with different AgSbSe2 content, x  = 0, 
10, 15. The low PME value (30%) for pristine GeSe corroborates 
its covalent bonding nature. In contrast, the high PME value 
(72%) for the x = 15 sample is indicative of MVB. We note that 
sample x = 10 contains different regions, which show strikingly 
dissimilar PME values. Interestingly, these two parts also show 
different chemical compositions. Figure 4c depicts the compo-
sition profile across the interface from the low-PME region to 
the high-PME region. While one phase shows a very low con-
tent of Ag and Sb, the other phase is enriched in Ag and Sb 
and depleted in Ge. The corresponding PME profile from top 
to bottom confirms that the Ag/Sb-poor phase is the covalent 
Pnma GeSe matrix, while the Ag/Sb-rich phase is the MVB 
R3m GeSe–15%AgSbSe2 alloy (Figure  4d). This phenomenon 
of phase separation (see also XRD data in Figure  3a) with 
distinct PME values for each phase is observed in samples 
from x  = 2.5 to 10 (Figures S3–S8, Supporting Information). 
Repetitive measurements confirm that the solubility of Ag 
and Sb in the orthorhombic GeSe matrix is ≈1.0  at% regard-
less of the AgSbSe2 content of the sample. This demonstrates 
a low solubility limit of Ag and Sb in orthorhombic GeSe, 
consistent with the observation that Ag or Sb alone cannot be 
efficiently doped into GeSe.[37] The second phase observed also 

shows a very similar composition and high PME value for all 
samples. XRD results show a mixture of orthorhombic and 
rhombohedral phases in samples from x  = 2.5 to 10, while a 
pure orthorhombic GeSe and a pure rhombohedral GeSe–
15%AgSbSe2 phase are observed for the two end members. 
If the AgSbSe2 content is above the solubility limit of Ag and 
Sb in GeSe (1%), the structure can no longer be stabilized in 
the pure orthorhombic phase because it cannot accommodate 
such a high AgSbSe2 content. Yet, a pure rhombohedral phase 
can only be formed when the AgSbSe2 content is high enough. 
Thus, phase separation occurs in samples from x = 2.5 to 10 as 
observed by XRD and APT. The abrupt transition from covalent 
bonding to MVB is consistent with the discontinuity in Peierls 
distortion and property changes between covalent and MVB 
compounds.[54,66] Besides the distinctly different bond rup-
ture, the optical properties also show considerable differences 

Adv. Mater. 2023, 35, 2300893

Figure 4.  Bond breaking in APT measurements for different GeSe phases. 
a) 3D PME plot for samples GeSe, x = 10 and 15. While a low PME value is 
observed in GeSe, a high PME is observed in x = 15 and phase separation 
occurs in x = 10. Note that the slightly different PME values in sample 
x = 15 are induced by the variations of the local electric field along different 
crystallographic planes.[65] b) PME values plotted on the basal plane of 
the ES-ET map as shown in Figure 2. A large PME value is characteristic 
for all MVB compounds. c) 1D composition profile along the vertical axis 
of sample x  = 10 across the phase boundary. d) PME profile from top 
to bottom; the Ag/Sb-poor area shows low PME value corresponding 
to the covalent bonding (Pnma phase) while the Ag/Sb-rich area shows 
high PME value corresponding to the metavalent bonding (R3m phase). 
b) Adapted with permission.[6] Copyright 2019, The Authors, published 
by Wiley-VCH.
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between the pristine GeSe and the GeSe–15%AgSbSe2 alloy. 
The optical dielectric constant (ε∞), which describes the elec-
tronic polarizability, increases from 16.1 for GeSe to 26.7 for 
the rhombohedral GeSe–15%AgSbSe2 alloy. These are close 
to the values calculated by DFT, which are 14.4 and 33.5 for 
the Pnma and R3m GeSe phases, respectively. The enlarged 
ε∞ values again are closely related to the large orbital overlap  
of the R3m phase, as compared to the Pnma phase. In addi-
tion, the Born effective charge Z*, which describes the polariz-
ability of chemical bonds, also increases from 2.6 for the Pnma 
phase to 4.6 for the R3m phase and then to 8.6 for the Fm-3m 
phase, as obtained by DFT calculations. These abrupt changes 
in bonding-related properties and bond-breaking behavior 
accompany the transition of chemical bonding from covalent to 
metavalent. So far, we have shown that pristine orthorhombic 
GeSe employs covalent bonding, while sample x  = 15 with a 
rhombohedral structure employs MVB. Samples with inter-
mediate composition possess a mixture of both phases with an 
increasing fraction of the MVB phase upon increasing AgSbSe2 
content. This can also be seen in the energy-dispersive spec-
troscopy (EDS) results, where the volume fraction of the Ag/
Sb-rich phase increases with increasing nominal content of 
AgSbSe2 (Figures S9–S14, Supporting Information). Hence, it 
can be summarized that there is a close relationship between 
the favorable properties of the rhombohedral GeSe phase and 
its bonding mechanism.

Subsequently, several arguments will be presented, which 
illuminate why metavalent bonds lead to favorable TE prop-
erties. The crucial quantity to optimize the zT value is deter-
mined by several intertwined physical parameters, which can 
be summarized in a so-called B factor (Equation 1) to describe 
the potential of a material to obtain large zT at the optimized 
carrier concentration and acoustic phonon dominated carrier 
scattering mechanism.[67,68]

2
3
B
2

l
2

V

lat

B
k TC N K

mπ κ
=

Ξ σ

∗ ∗

∗

 � (1)

where kB is the Boltzmann constant, ℏ is the reduced Planck’s 
constant, Cl is the longitudinal elastic constant, and Ξ is the 
deformation potential. It demonstrates that a small conductivity 
effective mass (mσ

∗ ), a low lattice thermal conductivity, and a 
large Fermi surface complexity factor ( VN K∗ ∗) are beneficial to 
realize a high zT.

Among these parameters, the lattice thermal conductivity is 
relatively independent of others and is closely linked to the bond 
strength and the lattice anharmonicity. The MVB phase has on 
average about one electron shared between adjacent atoms, 
corresponding to a bond order of 0.5, which is only half that 
for the case of an electron pair in covalent GeSe. This leads to 
lower optical phonon frequencies and larger thermal expansion 
coefficients. All these factors contribute to soft chemical bonds 
in the MVB phase and thus a lower phonon group velocity. 
Besides, the Born effective charge Z* for the MVB phases 
(Z* = 4.6 for R3m and Z* = 8.6 for Fm-3m) is considerably 
larger than that for the pristine covalent GeSe (Z* = 2.6). This 
leads to a more prominent splitting of the longitudinal optical 
(LO) and transverse optical (TO) phonons (Lyddane–Sachs–
Teller relationship).[69,70] Moreover, the delocalized p-electrons 

in the MVB phase cause a strong electron–TO-phonon cou-
pling, leading to phonon softening and strong anharmonic TO 
modes.[71] These conclusions are also in line with Raman data 
discussed in Figure S15 (Supporting Information). The large 
anharmonicity of the rhombohedral GeSe phase is also sup-
ported by DFT calculations. A large mode-averaged Grüneisen 
parameter of 1.83 at room temperature is obtained for the R3m 
phase,[72] which is comparable to lead chalcogenides.[73] This 
large anharmonicity is the primary factor giving rise to the low 
κlat of the MVB GeSe phase.

The soft metavalent bonds are also favorable to create vacan-
cies that increase the charge-carrier concentration. It has been 
argued that the poor TE performance of pristine GeSe is due to 
its intrinsically low carrier concentrations.[34] Upon the bonding 
transition to MVB, the formation energy of cation vacancies is 
significantly reduced due to the soft chemical bond, as proved 
by DFT calculations in Figure S16 (Supporting Information). 
These cation vacancies provide delocalized holes, that is, holes 
with small effective masses for charge transport. Hall measure-
ments (Table S1, Supporting Information) show that the car-
rier concentration increases by 4 orders of magnitude upon 
the bonding transition from covalent to MVB, leading to the 
increase in electrical conductivity and the decrease in Seebeck 
coefficient shown in Figure  1. Yet, the increased carrier con-
centration alone cannot be fully responsible for the improved 
TE performance since the electronic properties are also interre-
lated to the mobility and effective masses of the charge carriers.
Figure 5a shows the orbital-resolved band structures for 

orthorhombic, rhombohedral (with PD = 1.13, as determined 
by XRD), and cubic GeSe obtained by DFT calculations. All the 
conduction and valence bands close to the Fermi energy are 
dominated by the p states of Ge and Se, which is in line with 
the argument that the s-lone pairs may not be as crucial as pre-
viously thought.[74] We also calculated the angle-resolved hole 
effective mass at the valence band maximum for these three 
GeSe phases as shown in Figure S17 (Supporting Information). 
Thereby, the different effective masses and the band anisotropy 
(K) for these phases can be obtained, see Table 1. According 
to the k∙p perturbation theory, the band effective mass ( bm∗) is 
inversely proportional to the energy bandgap. Figure 6a sche-
matically illustrates the evolution of the bandgap upon the 
increasing degree of p-orbital overlap. With a half-filled p band, 
we are expecting a metallic ground state in MVB materials, 
which are also called incipient metals.[50] Both charge transfer 
(enlarged ET) and Peierls distortion (enlarged ES) reduce the 
degree of orbital overlap and thus open the bandgap. As a con-
sequence, the bandgap decreases from Pnma to R3m and then 
to Fm-3m with increasing p-orbital overlap. Optical measure-
ments show a bandgap of 1.06 eV for pristine GeSe and a much 
smaller value of 0.32  eV for the rhombohedral phase (sample 
x = 15). This directly results in a reduced bm∗  and thus mσ

∗  as 
well as an increased carrier mobility (µ) in the rhombohedral 
phase (See Table S1, Supporting Information).

The last parameter that impacts the B value and thus zT is 
the Fermi surface complexity factor ( VN K∗ ∗), which describes 
the ability of different energy bands to maximize the power 
factor. This quantity can be used in high-throughput searches 
for promising thermoelectrics.[68] The product VN K∗ ∗ can be 
divided into two contributions from the valley degeneracy (NV) 

Adv. Mater. 2023, 35, 2300893
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and the band anisotropy (K). The constant energy surfaces at a 
value of −0.3 eV below the Fermi energy in the first Brillouin 
zone for three GeSe phases are depicted in Figure  5b. The 
valence band maximum lies in the Γ–Z direction with a valley 
degeneracy (NV) of 2 for the orthorhombic phase. An NV value 
of 3 can be achieved when the Fermi energy enters deeply into 
the valence band (e.g., −0.3 eV) reaching the second maximum 
at the Γ point. However, it is very difficult to realize this high 
carrier concentration experimentally due to the weak dopability 
of covalent GeSe.[37] In contrast, the valence band maximum for 
the cubic phase is located at the L point with an NV of 4 due 
to the high symmetry of the Brillouin zone. At a high doping 
level, the Σ bands with an NV of 12 can also contribute to the 
conduction, leading to a total NV of 16 for cubic GeSe, similar 
to the case of PbTe.[11,74] The Peierls distortion slightly reduces 
the symmetry of the Brillouin zone and thus the valley degen-
eracy. Yet, at least an NV of 9 is feasible at a reasonable doping 
level for the rhombohedral phase as shown in Figure 5b. The 
MVB phases also show a larger band anisotropy than the cova-
lent phase. The large band anisotropy stems from weak s–p 
hybridization and small ionicity (low ET values),[39] which is a 
typical feature for MVB compounds such as GeTe,[68] PbTe,[68] 
and AgBiSe2.[75] By plotting the VN K∗ ∗ of three GeSe phases as 
well as other compounds calculated by Gibbs et al.[68] onto the 
basal plane of ES and ET, we find a clear trend that the MVB 
compounds all show a much higher VN K∗ ∗  and thus a larger 
power factor than others (Figure  6b; Figure S12, Supporting 
Information). Moreover, this map even demonstrates the 
trend of VN K∗ ∗ with changing ES or ET. For example, the VN K∗ ∗  
decreases from PbTe to PbSe and then to PbS by increasing 

the number of ET. In contrast, the VN K∗ ∗ increases from Pnma 
to R3m and then to Fm-3m GeSe phases by decreasing the 
number of ES. Thus, our ES-ET map can also be employed in 
high-throughput screening of thermoelectrics without calcu-
lating the band structures.

3. Conclusions

GeSe was predicted as a promising TE material given an 
optimum carrier concentration. However, in practice, it is dif-
ficult to tune the carrier concentration by conventional doping, 
even though it should generally work in semiconductors. By 
alloying with 15% AgSbSe2, a new GeSe phase with a rhom-
bohedral structure <550  K and a cubic structure >550  K is 
obtained. These phases show a significantly improved TE per-
formance. As summarized in Figure 6c, APT and optical meas-
urements demonstrate an abnormal bond-breaking behavior, a 
large optical dielectric constant, and strong optical absorption 
in this phase. All of these are characteristic fingerprints of 
metavalent bonding. Compared with covalent GeSe, the MVB 
phase shows a smaller bandgap, a lower band effective mass, a 
larger band valley degeneracy, and a higher band anisotropy. As 
a result, the electrical conductivity and the power factor are con-
siderably enhanced in the MVB phase. Due to the large anhar-
monicity and softened chemical bonds, the thermal conductivity 
is also reduced, especially near room temperature. The final 
maximum zT value is increased by a factor of >10, from 0.07 for 
pristine GeSe to 0.84 for the GeSe–15%AgSbSe2 alloy at 720 K. 
Given the similarities of MVB GeSe to other IV–VI compounds 

Table 1.  Different effective masses for Pnma, R3m, and Fm-3m GeSe phases obtained by DFT calculations. m⊥
∗  and m∗



 are the transverse and longitu-
dinal effective masses, respectively. K m m= ∗

⊥
∗



. md
∗  is the density-of-states effective mass and me is the free electron mass.

Phases m∗


m⊥
∗ m∗

b mσ
∗ NV K m∗

d N K∗ ∗
V

Pnma 1.75 me 1.2 me 1.36 me 1.34 me 2 1.45 2.16 me 2.05

R3m 0.51 me 0.21 me 0.28 me 0.26 me 9 2.43 1.22 me 10.11

Fm-3m 0.08 me 0.05 me 0.06 me 0.06 me 16 1.60 0.37 me 16.57

Figure 5.  Electronic band structures for different GeSe phases. a) Energy band structures for orthorhombic, rhombohedral (PD = 1.13), and cubic 
GeSe phases. b) Corresponding constant energy surfaces at a value of −0.3 eV relative to the Fermi energy in the first Brillouin zone for these phases.
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such as GeTe, the zT value can be further improved by fine-
tuning the energy band structures and introducing structural 
defects. Our work describes a new paradigm to design ther-
moelectrics by tailoring chemical bonds and the resulting elec-
tronic band structures upon identifying appropriate dopants. To 
this end, we have provided a quantum-mechanical map, which 
is spanned by two quantitative chemical bonding descriptors, 

that is, the number of electrons transferred and shared between 
adjacent atoms. Dopants that turn the bonds metavalent in the 
compound to be optimized can now easily be identified. This 
“treasure map” can thus be used to tailor the chemical bonding 
mechanism and the TE properties of covalent compounds such 
as GeS and SnSe by crossing the border to enter the metavalent 
region.

Adv. Mater. 2023, 35, 2300893

Figure 6.  Design of thermoelectrics through tailoring chemical bonds. a) Formation of half-filled σ-bonds between p-orbitals of adjacent Ge and Se 
atoms. Perfectly aligned (half-filled) σ-bonds will result in a metallic ground state. A small charge transfer between Ge and Se opens a small bandgap. 
The resulting band structure shows a small m∗

b, a high NV, and a high K. A Peierls distortion can further open the bandgap. This will increase m∗
b and 

decrease NV and K. b) The Fermi surface complexity factor of different GeSe phases plotted on the basal plane of ES and ET. Other data points are 
calculated by Gibbs et al.[68] A large increase in the N K∗ ∗

V  value can be observed upon the transition from Pnma to R3m and then to Fm-3m GeSe phases 
as indicated by the curved arrow. Compounds in the MVB area show larger N K∗ ∗

V  values. c) Room-temperature properties of pristine GeSe (red bar) 
and sample GeSe–15% AgSbSe2 (green bar) demonstrating the correlation between chemical bonding and electronic band structures. This close link 
enables the rational design of thermoelectrics upon tailoring chemical bonds. a) Adapted with permission.[66] Copyright 2021, The Authors, published 
by Wiley-VCH.
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