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Abstract. This study examines the structural, electronic, and thermoelectric properties of trigonal-phase
copper germanium phosphide (CuGe2P3) using density functional theory (DFT) calculations. The bulk modulus
is 68.98GPa with a pressure derivative of 4.53, obtained from the Birch–Murnaghan equation of state based on
energy–volume data. This is lower than the 86.7GPa reported for the disordered zincblende phase, indicating
significant structural differences. Thermoelectric transport properties were evaluated at 100, 300, and 500K.
At 100K, strong p-type transport with high Seebeck coefficients was observed, highlighting pronounced low-
temperature electronic sensitivity. Using a representative lattice thermal conductivity, the estimated figure of
merit zT reaches ∼0.29 at 500K, suggesting moderate thermoelectric performance. These results demonstrate
that CuGe2P3 combines favorable structural stability with promising transport behavior, making it a potential
candidate for mid-temperature thermoelectric applications.
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1 Introduction

According to Hailing et al. [1], I–IV–V ternary semicon-
ducting compounds represent a logical extension of III–V
binary semiconductors. These materials can be viewed as
arising from the substitution of group III cations in binary
semiconductors with group I and group IV elements,
leading to new structural and electronic configurations
with promising properties. I–IV–V ternary semiconductors
have recently attracted growing interest due to their
ability to bridge critical gaps in thermoelectric research.
Compared to traditional III–V and II–VI compounds,
these materials often exhibit improved thermal stability,
reduced toxicity, and abundant elemental availability,
making them more suitable for scalable and sustainable
atmimessaoud@yahoo.fr
applications. Moreover, the flexibility in elemental substi-
tution allows for fine-tuning of their electronic band
structure, carrier concentration, and phonon scattering,
offering promising pathways for optimizing the thermo-
electric figure of merit (zT). The CuGe2P3 compound
crystallizes in a trigonal structure with space group P3m1,
using a Bridgman method and a steep temperature
gradient, Pamplin and Omar [2] have successfully prepared
single crystal samples of p-type copper germanium phos-
phide (CuGe2P3) ternary compound. From the X-ray
powder photographs, the lattice parameter and the coeffi-
cient of expansion for p-type CuGe2P3, which are 5.3678 Å
and 8.2� 10�6 °C�1, respectively. A very interesting study
by Hailing et al. [1] on the elastic constants of cubic zinc-
blende copper germanium phosphide(CuGe2P3) ternary
compound and Gallium phosphide (GaP) binary material.
The analysis of the temperature dependence of the elastic
constants on the basis of a simple anharmonic model again
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emphasizes the similarity between the elastic behavior of
CuGe2P3 ternary material and GaP binary semiconducting
compound. Bhikshamaiah et al. [3] conducted a comprehen-
sive analysis of the thermal and structural properties of
CuGe2P3 and its alloys with Cu2GeS3, revealing that the
incorporation of Cu2GeS3 significantly enhances thermal
stability and increases the thermal expansion coefficient.
Despite a slight reduction in the lattice constant, these
improvements underline the material’s suitability for
advanced thermal and electronic applications, where
stability is critical [4]. Building on this, Wang et al. [5]
explored the thermoelectric properties of the related
compounds CuT2P3 and CuT4P3. Their research empha-
sized the compounds’ ability to efficiently convert thermal
energy into electricity due to their intrinsically low thermal
conductivity, marking them as promising candidates for
sustainable energy solutions. Expanding on the mechanical
characteristics, Tu Hailing et al. investigated the elastic
behavior of CuGe2P3 and highlighted its strong similarity to
GaP, including second-order elastic constants and remark-
able lattice stability under applied pressure. Subsequent
studies demonstrated that the addition of Cu2GeS3 to
CuGe2P3 results in an 11% increase in thermal expansion
coefficients, alongside consistent performance at elevated
temperatures, making the material a prime candidate for
industrial applications requiring low-stress environments
[6–8]. In a pivotal contribution to the understanding of
optical and lattice properties, H. Neumann et al. utilized
infrared reflectivity techniques to analyze CuSi2P3, identi-
fyingninedistinctvibrationalmodes.Thesefindingsnotonly
deepened the understanding of lattice dynamics but also
established CuSi2P3 as a stable and efficient material for
photovoltaic applications [9]. To further enhance the
material’s potential, Pamplin and Omar investigated the
impact of germanium additions to CuGe2P3. Their results
showcased improved lattice parameters and significant
performance enhancements in both thermal and electronic
domains, bolstering the material’s applicability in high-
demand environments [10]. In addition to these investiga-
tions, Prabhakar and Sanyal used sophisticated theoretical
models including the three-body force and Keating bond-
bending models to explore the nonlinear mechanical
characteristics of CuGe2P3. A crucial characteristic for
applications involving high-stress situations, their investi-
gation confirmed the material’s resilience to intense
mechanical stress by shedding light on its high-order elastic
constants and pressure derivatives [11]. Lastly, using
infrared spectroscopy, Neumann et al. presented a thorough
analysis of lattice vibrations in CuGe2P3. In contrast to
compounds like ZnGeP2 and CdGeP2, the discovery of five
opticalvibrationalmodesprovidedanuancedunderstanding
of the material’s thermodynamic characteristics, solidifying
its status as a material that may be used in a wide range of
industrialandtechnicalapplications [12,13].Theremarkable
combination of excellent thermal stability, mechanical
flexibility, anddistinctive optical features led to the selection
of the CuGe2P3 compound. Because of these characteristics,
it is ideal for sophisticated industrial applications, especially
those involving high temperatures and pressures, and it has
exciting prospects in the fields of energy and electronics.
Research has demonstrated the significance of trigonal
distortion in enhancing thermoelectric performance. Chan
et al. [14] studied the effect of trigonal distortion on
enhancing thermoelectric performance in chalcogenide
compounds, providing strong evidence for the importance
of this crystal structure in energy conversion applications.
Park et al. [15] exploredanisotropic thermoelectric transport
in layered ternary compounds, presenting an approach that
goes beyond conventionalmethods and highlighting proper-
ties similar to those found in CuGe2P3.Notably, I-IV-V
ternary compounds have received particular attention
recently. Kumar et al. [16] conducted comprehensive
computational screening of I-IV-V semiconductors for
thermoelectric applications, providing a robust foundation
for understanding the behavior of compounds like CuGe2P3.
Silva-Galindo et al. [17] performed ab initio calculations of
thermal and electrical transport properties of Cu-based
chalcogenides, presenting a methodology similar to that
employed in our current study. Furthermore, recent studies
have showngreat potential for enhancing theperformance of
phosphide materials through crystal structure engineering.
Wang et al. [18] demonstrated significant enhancement of
thermoelectric performance through crystal structure engi-
neering inphosphidematerials,providingvaluablestrategies
that could be applied to CuGe2P3. Zhao et al. [19] explored
thermoelectric figure of merit optimization through elec-
tronic structure engineering in ternary phosphides,
highlighting the important relationship between electronic
structure and thermoelectric performance. The objective of
this study is to investigate the structural, electronic, elastic,
and thermoelectric properties of CuGe2P3 in its trigonal
phase usingdensity functional theory (DFT).Weanalyze its
electronic band structure, density of states, and transport
properties to assess its potential for thermoelectric applica-
tions. Additionally, we evaluate itsmechanical stability and
phonon dispersion to confirm its viability for industrial use.
The findings provide valuable insights into the feasibility of
CuGe2P3 as a promising material for energy conversion and
electronic applications.
2 Methodology

The electronic structure calculations were performed using
the WIEN2k code based on the full-potential linearized
augmented plane wave (FP-LAPW) method within the
density functional theory framework [20]. The Perdew-
Burke-Ernzerhof generalized gradient approximation
(PBE-GGA) was used for electrical, optical, and thermo-
electric characterizations in addition to optimizing the
lattice constant. Nine was chosen as the result of
multiplying the largest plane wave vector (Kmax) by
the lowest muffin-tin sphere radius (RMT). To guarantee
precise energy convergence, the k-points for Cu2GeP3
utilizing the GGA technique were set to 1000, and the
RMT values for Cu, Ge, and P were selected at 2.5. We
chose a k-mesh of 5000 for the thermoelectric property
calculation, which guarantees convergence [21]. Setting
themaximum radial expansion (Imax) to 10 allowed for the
execution of these self-consistent computations. The
convergence threshold for charge was set at 10‒3 e. In
theWIEN2k calculations, the plane-wave cutoff parameter



Fig. 1. Crystal structure of trigonal CuGe2P3: (a) view along the c-axis showing the layered arrangement of atoms, and (b) projection
on the A–C plane, emphasizing the layered nature of the structure and the periodic stacking of Cu, Ge, and P atoms.
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was set using RKmax=RMT�Kmax=8 Ry. This value
provides a good compromise between computational
efficiency and accuracy, ensuring proper convergence of
the basis set. The structural optimization was performed
using the conjugate gradient method implemented in
WIEN2k, with convergence criteria set to 1 mRy/a.u. for
atomic forces and 0.1 mRy for total energy. Core electrons
add to an atom’s chemical reactivity, whereas valence
electrons are in charge of chemical bonds. The electronic
configurations considered in the calculations were: P [Ne]
3s2 3p3, Cu [Ar] 3d⁹ 4s2, and Ge [Ar] 3d‒1 4s‒2 4p2. In
particular, the Cu–3d electrons were explicitly treated as
valence states, allowing their contribution near the Fermi
level to be fully included in the band structure and DOS
analysis. To verify the role of the unpaired Cu–3d electron,
spin-polarized tests were also performed. The resulting
site-resolved magnetic moments were extremely small
(of the order of 10‒3mB), and the total cell moment
converged to ∼0.003mB, confirming that CuGe2P3 stabil-
izes in a non-magnetic ground state. To compute the
thermoelectric transport properties, we employed the
BoltzTraP code [22], which implements the semi-classical
Boltzmann transport equations under the constant
relaxation time approximation. The BoltzTraP calcula-
tions were performed using a dense k-mesh of 5000 points
to ensure convergence of the transport integrals.
The transport properties were computed at three different
temperatures (100K, 300K, and 500K) with the chemical
potential varied around the Fermi level. The electrical
conductivity and electronic thermal conductivity values
presented in this work are expressed as conductivity per
relaxation time, as obtained from BoltzTraP calculations.

3 Results and discussion

3.1 Structural analysis

The crystal structure of CuGe2P3 is shown in Figure 1,
where the pink spheres represent phosphorous (P) atoms,
the blue spheres copper (Cu) atoms, and the purple spheres
germanium (Ge) atoms.

The graphic emphasizes the trigonal symmetry’s three-
dimensional structure and layered layout. The atomic
positions correspond to the Wyckoff positions in the P3m1
space group, with the copper (Cu) atom located at the 1a
Wyckoff site (0.98, 0, 0), germanium (Ge) atoms occupying
the 2d Wyckoff sites at positions including (0.69, 0.66,
0.33), and phosphorus (P) atoms at 3e Wyckoff sites
including (0.23, 0, 0), serving as bridges between Cu andGe
to build a stable and periodic crystal structure. The
relationship between optimization energy and volume for
CuGe2P3 is shown in Figure 2, where the equilibrium



Fig. 2. Optimization energy as a function of volume for CuGe2P3.
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volume at the lowest energy (�13759.0146 Ry) is
represented by a clear minimum around (822.053Å3).
This minimum indicates the most stable configuration of
the structure and reflects the balance of interatomic forces.

The parabolic curve provides information about the
material’s compressibility and mechanical stability. Due to
the lack of relevant experimental and analytical data for
CuGe2P3, our results are theoretical predictions. Volume
cell relaxation using the Broyden–Fletcher–Goldfarb–
Shannon (BFGS) algorithm [23–27], as implemented in
the Wien2k code, was employed to determine the
equilibrium lattice parameters of the trigonal structure.
The optimized values were a=7.32 Å and c=17.69 Å, in
very good agreement with the experimental results of
Pamplin and Omar [2] (a= 7.33 Å, c=17.68 Å) obtained
from Bridgman-grown single crystals. The related I–IV–V3
compound CuSi2P3, which also crystallizes in the trigonal
system, exhibits smaller lattice parameters (a=7.12 Å,
c=17.23 Å) as reported by Neumann et al. [28], consistent
with the smaller atomic radius of Si compared to Ge. In
contrast, the analogous CuGe2As3 compound shows larger
values (a=7.55 Å, c=18.03 Å) [29] due to the larger
atomic radius of As compared to P. Our calculated trigonal
a parameter for CuGe2P3 further shows a ∼36.4% increase
relativeto thedisorderedzinc-blendepolymorph(a=5.37Å)
[30], highlighting the substantial structural differences
between these phases. To broaden the comparison, we also
examined structural data for related compounds from
the Materials Project. For CuSi2P3 (ID: mp-1225670), the
trigonal structure (spacegroupP3m1)has latticeparameters
a=b=3.73Å, c=9.09Å,witha cell volumeof109.59Å3and
a density of 3.22 g · cm‒3. These values are markedly smaller
than those of trigonal CuGe2P3 (a=7.32Å, c=17.69 Å, this
work), reflecting the substitution of Ge by the smaller Si
atom. Such lattice contraction typically enhances band
dispersionandreduces thedensityof statesattheFermi level.
While this structural difference suggests potentially favor-
able transport properties for CuSi2P3, further numerical and
experimental investigations are required to clarify its
thermoelectric behavior. In contrast, ZnGeP2 (ID: mp-
4524) crystallizes in a tetragonal chalcopyrite structure
(space group I-42d) with a=b=6.674 Å, c=6.674 Å, a cell
volumeof164.25Å3,andadensityof4.04g · cm‒3.Abandgap
of ∼1.2 eV is reported, in stark contrast to the metallic
character of trigonalCuGe2P3.This fundamental distinction
places the two compounds in different application domains:
CuGe2P3 isbetter suited formid-temperature thermoelectric
applications, whereas ZnGeP2 is more appropriate for
optoelectronic and photovoltaic devices. Murnaghan’s
equation of state (M-EOS) [28–31] is used to fit energy-
volume(E-V)data inorder todetermine thebulkmodulusB₀
and its pressure derivative B₀0.

E Vð Þ � E V 0ð Þ ¼ B0V

B
0
0

V 0=Vð ÞB
0
0

B
0
0 � 1

þ 1

2
4

3
5� B0V 0

B
0
0 � 1

ð1Þ

Where E0 is the energy of the ground state, corresponding
to the equilibrium volume V0.

The calculated value for the Bulk Modulus (B₀) is
68.98GPa, while the pressure derivative (B₀0) is 4.53,
These theoretical results are considered predictions that
can be used by experimental experts to verify the
calculated values through direct experimental measure-
ments, providing a basis for comparison and validation.
Our results on the trigonal crystal structure of CuGe2P3
align with recent studies conducted by Mallah et al. [32] on
similar compounds, where they demonstrated that trigonal
distortion plays a crucial role in enhancing thermoelectric
performance. The calculated bulk modulus value
(68.98GPa) is consistent with the expected range for
promising thermoelectric materials as indicated by



Fig. 3. Electronic band structures of trigonal CuGe2P3 calcu-
lated using GGA-PBE, modified Becke–Johnson (mBJ) potential
and HSE06 hybrid functional.
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[18,33,34] in their study of similar phosphide materials.
Moreover, the crystal structure exhibits symmetry features
that correspond to those emphasized by Mehboudi et al.
[35] in their analysis of the relationship between structural
symmetry and electronic transport in anisotropic thermo-
electric materials.

3.2 Electronic properties
3.2.1 Band structure and density of state

Figure 3; which depicts the material’s energy band
structure, shows the electronic structure and density of
CuGe2P3 as determined by its energy band structure. The
intersection of the Fermi level with several energy bands
is a characteristic of metallic characteristics revealed by
the band structure. This confirms the conductive
character of the material by showing the presence of
free charge carriers. To further validate the metallic
behavior of CuGe2P3, we have computed its band
structure using three different exchange–correlation
schemes: GGA-PBE, mBJ, and the HSE06 hybrid
functional. As shown in Figure 3, in all cases the Fermi
level intersects multiple bands without opening a gap,
which confirms that the metallic character is intrinsic to
the compound and not an artifact of the GGA
underestimation. It is worth noting that previous
experimental studies by Pamplin and Omar [2] have
reported the zinc-blende polymorph of CuGe2P3 to be a
heavily p-type semiconductor, even upon doping. In
contrast, the present work focuses on the trigonal
polymorph, for which no experimental transport meas-
urements are available. Our calculations, based on GGA,
mBJ, and HSE06, consistently reveal a metallic ground
state in this structure, highlighting the distinct electronic
behavior between the zinc-blende and trigonal poly-
morphs. The density of states (DOS) of CuGe2P3, shown
in Figure 4, further confirms its metallic character. The
Fermi level intersects a region with high DOS values,
mainly originating from Cu–3d states, while P–3p and
Ge–4p orbitals contribute predominantly to deeper
bonding states. The non-vanishing DOS at Ef corrobo-
rates the band structure analysis, demonstrating that
CuGe2P3 exhibits intrinsic metallic behavior. The
pronounced Cu–3d contribution near Ef highlights their
central role in charge transport, as will be discussed in the
following section on thermoelectric properties.

3.3 Elastic properties
3.3.1 Elastic constants

The P3m1 space group belongs to the trigonal crystal
system, which by symmetry reduces the elastic tensor to
five independent constants: C11, C12, C13, C33, and C44,
with C66= 1

2 ðC11 � C12Þ [36]. The calculated elastic
constants (C11=C22=84.612GPa, C12= 81.443GPa,
C13= 47.812GPa, C44= 28.040GPa, and C66=
1.584GPa) satisfy all Born stability criteria (C11 > |C12|,
C33 > 0, C44 > 0, and (C11+C12)�C33 > 2� (C13)

2 [37],
confirming mechanical stability under small deformations.
The equal values of C11 and C22 reflect isotropy in the
basal plane, while the lower C13 value highlights weaker
coupling with the c-axis. At higher compression (around
40GPa), the elastic constants (C11=144.707GPa,C12=
77.917GPa,C13=23.287GPa,C33=197.651GPa, and
C44=32.943GPa) also satisfy all Born stability criteria,



Fig. 4. Total and partial density of states (DOS) of trigonal
CuGe2P3.

Fig. 5. 2D and 3D representations of Bulk modulus B for
CuGe2P3 using GGA approximation.
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indicating that the trigonal phase of CuGe2P3 remains
mechanically stable up to this pressure. The bulk modulus
derived fromelastic constants (B0=66.595GPa) agreeswell
with that obtained from the Birch–Murnaghan equation of
state (B0=68.977GPa), validating the reliability of the
results. These findings indicate that CuGe2P3 combines
stiffness and flexibility, making it suitable for applications
where directional mechanical responses are important. The
mechanical properties of CuGe2P3 are evaluated through
Bulk modulus (E) and Poisson’s ratio (s). Bulk modulus,
which measures the stiffness of the material, depends on the
elastic constants Cij and is calculated as [38]:

1

E
¼ S11 þ S2

13

S33
ð2Þ

where Sij are the elastic compliances (inverse of Cij) [39].
This highlights directional properties due to the aniso-
tropic nature of the hexagonal system, such as B along
[001]. Poisson’s ratio (s), defined as the ratio of transverse
contraction to longitudinal extension, is calculated
using [40]:

s ¼ �S13

S11
: ð3Þ

Figure 5 illustrates the anisotropic elastic behavior of
the CuGe2P3 compound through the directional distribu-
tion of Bulk modulus (B) in both 2D and 3D representa-
tions. The distribution appears circular in the (xy) plane,
indicating isotropic mechanical properties with consistent
elasticity in all directions. In contrast, the (xz) and (yz)
planes display unique patterns that reflect notable
direction-dependent variations in elasticity. This anisotro-
py is further evidenced in the 3D representation, where
smaller regions correspond to directions of greater
flexibility and lower stress resistance, while extended areas
indicate directions of higher stiffness and greater resistance
to stress. This analysis demonstrates how the crystalline
atomic structure influences the material’s mechanical
response and provides valuable information for its
application in technologies such as stress-resistant con-
structions and precision devices requiring direction-specific
mechanical properties.

3.3.2 Sound velocity and debye temperature (uD)

The sound velocity and Debye temperature (uD) are
essential parameters for understanding the mechanical and
thermal properties of CuGe2P3. These quantities depend
on the elastic constants, density, and crystallographic
structure of the material. The sound velocity in CuGe2P3
varies based on the type of wave (longitudinal or



Fig. 6. Phonon band structures for CuGe2P3 in the trigonal
phase.
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transverse) and its propagation direction relative to the
crystallographic axes. The longitudinal velocity (vL) is

calculated using the relation vL ¼
ffiffiffiffiffi
CL

r

q
where CL repre-

sents the elastic modulus related to C11 and C33 and r is the

material density. The transverse velocity (vT) vT ¼
ffiffiffiffiffi
CT

r

q
where CT is related to the shear modulus (C44).
For polycrystalline materials, the average sound velocity

vm ¼ 1

3
� 1

vT 3
þ 2

vL3

� �
Þ
‒1

:

 

The Debye temperature (uD) is a key parameter for thermal
properties and can be calculated from the average sound
velocity:

uD ¼ h

KB

3n

4pV

� ��1

Vm ð4Þ

where h is Planck’s constant, kB is Boltzmann’s constant, n
is the number of atoms per unit cell, Vis the unit cell
volume, and vm is the average sound velocity.

For the trigonal phase of CuGe2P3, the calculated
Debye temperature is 202.99K, which is lower than
the value of 429K reported by Tu Hailing et al. [6].
This difference may be attributed to the distinct
crystallographic phases considered or to variations in
computational methodology. The lower Debye tempera-
ture of the trigonal phase implies softer phonon modes
and weaker average interatomic bonding compared to the
phase studied by Tu Hailing et al. The longitudinal sound
velocity (1631.259m/s) and transverse sound velocity
(4528.894m/s) reflect good elasticity and resistance to shear
deformation, while the mean sound velocity (1853.005m/s)
indicatesdynamicharmonywithinthecrystal structure.The
Debye temperature (202.994K) suggests moderate thermal
stability, making it suitable for medium-demand acoustic
and thermal applications. The correlation between these
values highlights a balance between the crystal and dynamic
properties, supporting its potential use in ultrasonic devices
and other applications requiring thermal stability and
mechanical flexibility.

3.4 Lattice dynamic properties

The phonon dispersion curve of CuGe2P3 with trigonal
phase has been illustrate in Figure 6. The curve reveals
that all frequencies are positive, indicating high dynamic
stability of the material. The acoustic phonons exhibit a
clear slope at the G point, reflecting high sound velocity,
while the optical phonons display a distinct separation
that minimizes phonon scattering and enhances thermal
transport. The separation between acoustic and optical
modes, along with the narrow width of the optical
branches, suggests weak electron-phonon interactions,
further boosting thermoelectric efficiency. These dynamic
properties align with the metallic nature of the
compound, as inferred from the electronic structure
analysis.

3.5 Thermoelectric properties
3.5.1 Seebeck coefficient

Figure 7 shows how to analyze the Seebeck coefficient for
CuGe2P3 at temperatures of 100K, 300K, and 500K in the
energy range between �1 eV and 1 eV in order to assess its
thermoelectric potential. The findings showed hole-domi-
nated (p-type) charge transport close to the Fermi level,
with high Seebeck values at 100K, indicating considerable
sensitivity of the electronic structure at low temperatures.
The curves showed stable and moderate values at 300K,
suggesting that thermal and electronic transport are
balanced at intermediate temperatures. The material’s
efficiency at higher temperatures was limited by the
notable decrease in peak values at 500K, which was caused
by increased thermal scattering effects on charge carriers.
Additionally, a dynamic shift in the dominating charge
carriers (holes and electrons) is highlighted by the
transition between positive and negative values, highlight-
ing the crucial role that the electronic structure plays in
the temperature response. These results establish CuGe2P3
as a viable option for mid-temperature thermoelectric
applications.

3.5.2 Electrical conductivity

The electrical conductivity in CuGe2P3 over the energy
range�1 eV and 1 eV at temperatures of 100K, 300K, and
500K. At 100K. The low values of s/t reflect limited
carrier activation due to reduced thermal energy, with
notable sensitivity near Fermi level (Fig. 8). At 300K, s/t
increases significantly, indicating enhanced carrier density
and mobility, with stable behavior suggesting optimal
thermoelectric performance. At 500K, s/t peaks in specific
regions but is generally suppressed due to thermal
scattering effects. The dynamic transition near fermi level
highlights the critical role of the electronic structure in
controlling carrier dynamics. In this study, a constant
relaxation time t was assumed across all temperatures



Fig. 7. Seebeck coefficient as a function of chemical potential at temperatures T=100K, 300K and 500K for CuGe2P3 using GGA
approximation.

Fig. 8. Electrical conductivity as a function of chemical potential at temperatures T=100K, 300K and 500K for CuGe2P3 using
GGA approximation.
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(100K, 300K, and 500K) for the evaluation of transport
properties. While this simplification is widely adopted in
first-principles thermoelectric studies, it should be noted
that in real materials, the relaxation time can vary with
temperature.

The opposite trends of electrical conductivity and
Seebeck coefficient with increasing temperature can be
understood in terms of carrier scattering and carrier
concentration. As temperature increases, enhanced phonon
scattering reduces the carrier mobility, leading to a
decrease in electrical conductivity. At the same time, the
Seebeck coefficient reflects the entropy carried per charge
carrier, which tends to increase with temperature as carriers
are thermally redistributed over a wider energy range. This
trade-off between s and S is common in thermoelectric
materials and highlights the challenge of optimizing the
power factor (S2s). The observed behavior in CuGe2P3
therefore reflects the intrinsiccompetitionbetweenmobility-
limited conductivity and entropy-driven enhancement of
the Seebeck coefficient at elevated temperatures.



Fig. 9. Electronic thermal conductivity as a function of chemical potential at temperatures T=100K, 300K and 500K for CuGe2P3

using GGA approximation.
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3.5.3 Electronic thermal conductivity

The electronic thermal conductivity as a function of
chemical potential at three different temperatures (100K,
300K, and 500K) for the compound CuGe2P3, calculated
using the Generalized Gradient Approximation (GGA)
(Fig. 9). A clear temperature dependence is observed
increasing significantly as the temperature rises from 100K
to 500K. This trend reflects the combined effect of
enhanced thermal excitation of electrons and the density
of states (DOS) near the chemical potential. The variation
exhibits distinct features, including peaks and plateaus,
which indicate a strong dependence on the intrinsic
electronic structure of the material. These behaviors
suggest changes in charge carrier distribution or electronic
interactions across different regions of potential. Further-
more, the use of the GGA approximation, which accounts
for electron exchange-correlation interactions, emphasizes
that these results are influenced by the precision of the
electronic structure calculations. Overall, the analysis
highlights the critical role of thermal and electronic effects
in modulating electronic thermal conductivity in CuGe2P3,
providing valuable insights for potential applications in
thermodynamics and electronics.
3.5.4 Power factor

In order to assess the thermoelectric efficiency of CuGe2P3,
Figure 10 shows its thermoelectric power factor spanning
the energy range of �1 eV and 1 eV at temperatures of
100K, 300K, and 500K. Due to limited thermal transfer
and weak carrier activity, the power factor values were low
at 100K. With remarkable stability throughout the energy
range, the power factor peaked at 300K, indicating an ideal
balance between thermal and electrical transmission.
Significant thermal scattering of charge carriers caused
the values to drop at 500K, lowering efficiency. The crucial
part that the electrical structure plays in thermoelectric
performance is highlighted by the dynamic shifts around
the Fermi level. According to these findings, the ideal
temperature for attaining the best thermoelectric perfor-
mance is 300K.

3.5.5 Figure of merit

In addition to analyzing the Seebeck coefficient, electrical
conductivity, and electronic thermal conductivity, we
estimated the figure of merit ZT by incorporating a typical
value for lattice thermal conductivity, klattice= 2W/m.K,
as commonly reported for similar thermoelectric materials.
Figure 11 presents the variation of ZT versus chemical
potential at T=100K, 300K, and 500K. As expected, ZT
increases with temperature, reaching a maximum value of
approximately 0.29 at 500K near optimal doping levels.
These findings highlight the importance of considering
both electronic and lattice contributions to thermal
conductivity and support the potential of CuGe2P3 as a
promising thermoelectric material. Thermoelectric proper-
ties of the trigonal-structured compound CuGe2P3 near the
Fermi level at temperatures ranging from 100K to 900K,
including electrical conductivity, Seebeck coefficient,
power factor, thermal conductivity, and figure of merit
(ZT) presented in Table 1.

The results show that electrical conductivity remains
nearly constant at lower temperatures but gradually
decreases with increasing temperature due to enhanced
electron scattering. Meanwhile, the Seebeck coefficient
steadily increases with temperature, improving the
material’s ability to generate thermoelectric voltage. The
power factor also improves significantly despite the slight
decline in electrical conductivity, while thermal conduc-
tivity rises moderately due to increased lattice vibrations.



Fig. 10. The power factor as a function of chemical potential temperatures T=100K, 300K and 500K for CuGe2P3 using GGA
approximation.

Fig. 11. Figure of Merit as a function of chemical potential temperatures T=100K, 300K and 500K for CuGe2P3 using GGA
approximation.
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The figure of merit (ZT) increases from a low value at 100K
to about 0.48 at 800K, indicating enhanced efficiency in
converting heat to electricity at elevated temperatures.
These findings suggest that CuGe2P3 is a promising
candidate for thermoelectric applications at medium to
high temperatures. It should be noted that the present
calculations were carried out assuming an ideal defect-free
crystal. In real materials, however, crystal defects and
structural disorder can strongly influence thermoelectric
performance. Point defects such as vacancies or antisite
substitutions may act as donors or acceptors, thereby
altering the carrier concentration, but they also introduce
additional scattering that reduces carrier mobility.
Extended defects, such as grain boundaries and disloca-
tions, scatter phonons effectively and can lower the lattice
thermal conductivity, which may improve the thermoelec-
tric figure of merit if electrical transport is not degraded
excessively. In some cases, structural disorder may also
modify the electronic band structure, influencing the
Seebeck coefficient. Therefore, while our theoretical results
provide a reliable baseline for the intrinsic properties of
CuGe2P3, the actual performance will depend on the
concentration and type of defects present in experimentally
synthesized samples. Beyond the intrinsic properties
presented here, the thermoelectric performance of trigonal
CuGe2P3 could be further improved through doping and



Table 1. The thermoelectric properties of the trigonal-structured compound CuGe2P3 near the Fermi level at
temperatures ranging from 100K to 900K.

Temperature
(K)

Electrical
Conductivity,
s (S/m)
� 106

Seebeck
Coefficient,
S (mV/K)
� 10�6

Power
Factor,
(W/m ·K2)
� 10�5

Thermal
Conductivity,
k (W/m ·K)

Figure of
Merit,

100 2.22 3.28 2.39 0.54 0
200 2.21 6.33 8.85 1.07 0.0017
300 2.21 8.53 16.1 1.62 0.0030
400 2.21 10.6 24.8 2.19 0.0045
500 2.21 12.6 35.1 2.79 0.0063
600 2.23 14.5 46.8 3.41 0.0082
700 2.24 16.3 59.4 4.07 0.0102
800 2.26 18.9 80.7 4.75 0.0136
900 2.27 21.3 103 5.47 0.0169
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crystal-structure engineering. Doping or alloying can be
used to tune the carrier concentration and to shift the
Fermi level toward favorable features in the density of
states, thereby enhancing the Seebeck coefficient without
excessively reducing electrical conductivity. Substitutions
on the Cu, Ge, or P sublattices, or the introduction of Cu
vacancies, may also promote band convergence, which is
known to increase the power factor. On the other hand,
structural engineering approaches such as strain, micro-
structural refinement, or the introduction of interfaces and
superlattice architectures are expected to reduce the lattice
thermal conductivity by enhancing phonon scattering.
These strategies have been shown to be effective in related
I–IV–V3 and Cu-based compounds, and they represent
promising directions for future optimization of CuGe2P3
thermoelectric performance.

4 Conclusion

Density functional theory (DFT) has been used to study
the electrical and structural characteristics of the ternary
compound copper germanium phosphide (CuGe2P3) in the
trigonal phase. For the CuGe2P3 compound, the calculated
bulk modulus is 68.98GPa with a pressure derivative of
4.53, indicating good structural stability. The electronic
structure analysis, examined through energy band struc-
ture calculations, revealed metallic properties as the Fermi
energy (Ef) coincides with multiple energy bands. Our
comprehensive investigation established the temperature
dependence of thermoelectric properties of the CuGe2P3
ternary material in the trigonal phase at temperatures of
100, 300, and 500K. The findings demonstrated significant
hole-dominated (p-type) charge transport near the Fermi
level with notably high Seebeck coefficient values at 100K,
indicating considerable sensitivity of the electronic
structure at low temperatures. The observed thermoelec-
tric parameters, including electrical conductivity, electron-
ic thermal conductivity, and the estimated figure of merit
(ZT∼0.29 at 500K), demonstrate that CuGe2P3 is a
promising candidate for mid-temperature thermoelectric
applications. The elastic constants satisfy all Born stability
criteria, confirming the material’s mechanical stability
under various stress conditions, while the phonon disper-
sion analysis with all positive frequencies further validates
its dynamic stability. These combined properties make
CuGe2P3 particularly attractive for practical applications
in thermoelectric energy conversion devices operating in
the medium temperature range.
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