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With the rapid advancement of solar cell and radiation detector technology, understanding and control-
ling intrinsic defects in semiconductor materials is crucial for improving photovoltaic device performance.
This study employs density functional theory (DFT) and non-adiabatic molecular dynamics (NAMD) meth-
ods to investigate the ground-state properties of intrinsic defects in CdTeSe (CTS) material and their im-
pact on carrier dynamics. The results demonstrate that defect formation is strongly influenced by the
chemical environment: acceptor defects are favored in Te-rich conditions, donor defects are promoted in
Cd-rich conditions, while Se substitution at the Te site (Ser.) and Te substitution at the Se site (Tes.)
defects are readily formed under various conditions due to their low formation energies. Carrier lifetime
is significantly affected by various defects, as shown by their modulation of electron-phonon coupling
interactions in electron-hole recombination dynamics. Secq and Tecy defects are characterized by strong
coupling between local vibrational modes and band-edge states, which enhances non-adiabatic coupling
(NAC) strength and reduces recombination times to 9.44ns and 30.95 ns, respectively. In contrast, Sere
and Tese defects suppress the NAC by markedly reducing coupling, thereby extending the recombina-
tion times to 198.04 ns and 239.5 ns. Fourier transform analysis further indicates that the low-frequency
phonon modes associated with Ser. and Tes. defects enhance carrier dynamics by optimizing phonon-
assisted processes. Finally, it is found that variations in carrier concentration have a significant impact on
carrier recombination, especially at high non-equilibrium carrier concentrations, which notably shorten
the carrier lifetime. This study offers a theoretical framework for the performance optimization and de-

fect engineering of CTS material in high-efficiency solar cell applications.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

With the global demand for renewable energy and efficient
detection technologies, CdTeSe (CTS) is attracting growing atten-
tion for its unique physical and chemical properties, positioning it
as a crucial material for research in solar cells and radiation de-
tectors [1]. Compared to pure CdTe, selenium (Se) incorporation
significantly enhances performance, particularly in crystal qual-
ity, bandgap tuning, and carrier transport. The selenium segrega-
tion coefficient is near unity, which facilitates the maintenance of
a highly uniform composition distribution during the CTS crystal
growth process, reduces compositional gradients and impurity ac-
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cumulation, thereby enhances the long-term stability of the device
[2,3]. In radiation detectors, Se promotes solid solution hardening,
significantly reducing subgrain boundary networks [4,5]. Roy et al.
found that the concentration of Te inclusions and precipitates in
CTS is 5-8 times lower than that in CdZnTe (CZT) [6]. Addition-
ally, the etch pit density of CTS crystals is an order of magnitude
lower than that of CZT crystals, with reduced dislocation density
offering a significant advantage for CTS as a substrate [7]. In so-
lar cell applications, the incorporation of CTS layers significantly
enhances cell efficiency [8]. Fiederle et al. observed that CTS crys-
tals with 10% Se concentration, grown by the Bridgman method,
displayed an electron put product (4.2x1072 cm?/V), superior to
that of CdygZng;Te [9]. Similarly, Kim et al. found that CTS sam-
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ples grown by the same method achieved an electron wt prod-
uct of 6x10~4 cm?/V, highlighting their superior performance in
carrier transport [3]. Se inclusion reduces the bandgap, decreases
its effective mass, and increases the photocurrent of the solar cell,
while maintaining a high open-circuit voltage (Vyc), thus offering
the potential to improve photovoltaic efficiency without sacrificing
performance [10].

Despite the high compositional uniformity of CTS, point defects
may still form during growth [11]. Due to the atomic radii’s
difference between Te and Se, Se atom distribution may be un-
even, resulting in the formation of solute vacancies, substitutional
defects, or interstitial atoms. These defects cause local lattice
distortion, modify the bandgap, and affect carrier mobility and
lifetime, thereby affecting electronic properties [12]. Specifically,
the Cd vacancy (Vgq) in CTS typically forms deep traps in the
bandgap, promoting non-radiative recombination, leading to de-
creased carrier lifetime and limiting device performance [13].
Therefore, investigating the impact of point defects on CTS crys-
tal properties is essential for optimizing growth and improving
application performance.

While current experimental methods, such as admittance spec-
troscopy, deep level transient spectroscopy (DLTS), and white
beam X-ray diffraction topography (WBXDT), have made significant
progress in defect identification and characterization [12,14,15],
challenges still exist in analyzing the microscopic behavior of de-
fects. Specifically, the dynamic observation of individual defects
is often hindered by experimental conditions, particularly under
varying temperature, chemical potential, and electric field condi-
tions, making it difficult to fully simulate their effects on elec-
tronic structure. First-principles calculations are widely used to
study point defect behavior [16-20], as they predict the forma-
tion energy, stability, and energy level characteristics of defects at
the atomic scale [21-23]. Additionally, the role of defects in non-
radiative process can be revealed through non-adiabatic molecu-
lar dynamics (NAMD) methods [24,25], offering deeper insight into
their impact on carrier lifetime and optoelectronic performance
[26-29].

This study systematically reveals the intrinsic defect character-
istics in CTS materials, including three vacancy defects (V¢y, Vre
and Vs.), three interstitial defects (Cd;, Te; and Se;) and six antisite
defects (Cdre, Cdse, Tecq, Tese, Secq and Ser). Employing density
functional theory (DFT) calculations, we analyze the defect forma-
tion energies and their transition energy level variations in Cd-rich
and Te-rich environments, clarifying the critical role of these de-
fects in band structure modulation. Furthermore, relying on the
NAMD methods, this study further explores the impact mecha-
nism of defect-induced bandgap tuning on carrier recombination
dynamics. It is shown that CTS exhibits a long carrier lifetime, and
the presence of Set. and Tese defects further enhances this charac-
teristic by slowing the carrier recombination rate. Finally, the influ-
ence of carrier concentration on the CTS carrier lifetime is further
investigated, with particular emphasis on its pivotal role in modu-
lating the electrical transport properties of materials. By analyzing
the defect mechanisms in CTS materials, this study establishes a
theoretical foundation for further research on their application in
optoelectronic devices.

In this study, multiple possible charge states are systemati-
cally considered in the calculation of defect formation energies
and transition levels, allowing the thermodynamic stability and
ionization behavior of intrinsic defects to be comprehensively
characterized under varying Fermi level conditions [30,31]. The
methodology enables the identification of dominant charge tran-
sition paths and defect level positions, and it is widely used
in semiconductor defect physics as a standard framework for
evaluating thermodynamic defect behavior. The neutral charge
state (q=0) is used as the foundational model in subsequent anal-
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yses of electronic structure and non-radiative carrier dynamics.
An electronically saturated ground state is typically represented
by the neutral configuration, which features well-defined local
lattice relaxations and vibrational characteristics, making it ideal
for identifying phonon modes and quantifying electron-phonon
interactions. Moreover, under conditions of thermal equilibrium or
low excitation, defects are generally found to reside in neutral or
nearly neutral charge states [28,32]. The use of this approach is
widely accepted in literature, as it offers both physical relevance
and computational feasibility.

Based on DFT, this study performs first-principle calculations
using the VASP software [16,17]. The HSEO06 hybrid functional is
applied to describe defect state energies and electronic structures
[33]. By introducing the Hartree-Fock exchange term, this func-
tional overcomes the limitations of the traditional generalized gra-
dient approximation (GGA) in describing band gaps and strongly
correlated electron systems [34]. And for reducing the computa-
tional cost, the Perdew-Burke-Ernzerhof (PBE) functional is used
in first-principles molecular dynamics (MD) simulations. The Pro-
jector Augmented Wave (PAW) method is employed to describe
electron-ion interactions [35]. The plane wave kinetic energy cut-
off is set to 400eV, and all the structures are fully relaxed until
the total energy and forces on each atom are smaller than 10~ eV
and 0.02 eV/A, respectively. In the study of CTS, we focused on the
composition CdTeg75Seg125, as the cubic phase of CdTe;Sex is
stable within the range [36]. A 256-atom orthogonal supercell is
constructed to investigate the impact of a single defect on the ma-
terial properties. Defects are introduced by periodically repeating
the original unit cell, which avoids interference from periodic ef-
fects and guarantees that the defect independently influences the
electronic structure and mechanical properties [37]. K-point sam-
pling is performed using only a single I" point, which is appropri-
ate for systems with strong periodicity or materials with large unit
cells.

Our research employs advanced first-principles NAMD to inves-
tigate the impact of intrinsic defects on carrier recombination dy-
namics in CTS. After the geometry optimization, the systems are
heated to 300K for 5ps in the canonical ensemble. A 5ps first-
principles MD simulation is then carried out with a 1 fs time
step in a microcanonical ensemble. Carrier recombination dynam-
ics are simulated using the Hefei-NAMD program [38,39], which
is based on the quantum-classical decoherence surface hopping
(DISH) method [40]. In long-timescale simulations, the final 3 ps
of the MD trajectory are repeated multiple times to more thor-
oughly investigate the long-term evolution of dynamics. We sam-
ple 50 different initial configurations and 500 surface-hopping tra-
jectories for each initial structure.

The electrical properties of CTS are derived from the band
structure and DOS analysis, as shown in Fig. 1. The calculation re-
sults show that the direct bandgap of CTS at the I" point is 1.54 eV,
which is consistent with the experimental value for CTS samples
with 10% Se reported in the literature [41]. The energy states near
the Fermi level are primarily dominated by contributions from Te
and Se atoms. Te atoms contribute significantly to the density of
states in the valence band, especially near the valence band max-
imum (VBM). Se atoms show a distinct electronic state distribu-
tion near the Fermi level, especially at the VBM and the conduction
band minimum (CBM), reflecting the modulation of the electronic
structure by Se doping. In contrast, Cd atoms are primarily located
far from the Fermi level, showing minimal contribution to the band
edges, while exerting a greater impact on deeper electronic states.

The intrinsic point defects in CTS are systematically investi-
gated, covering all possible defect types. The transition energies for
these defects are calculated and presented in Fig. 2a. Vg, Tecy, Te;,
Sej, Secq, Tese and Sere are classified as acceptor-type defects. Vg

. . . 2— _ _ 0 .
is a shallow acceptor, with its V¢; — Vg, and Vo, — V¢, transi-
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Fig. 1. Band structure, total density of states (DOS), and partial DOS of CTS ma-
terial. The blue, green, and magenta curves represent the DOS of Te, Se, and Cd,
respectively. Calculations are performed using the HSEO6 hybrid functional.
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Fig. 2. (a) The transition energy levels of intrinsic point defects in the band gap
of CTS. Red bars represent acceptor levels, and blue bars represent donor levels.
The charge transitions are indicated in parentheses as (q/q’), corresponding to
transitions from charge state q to ¢'. These charge states are consistent with those
described in the text using Kréger-Vink-like notation (e.g., Vg, — V). (b) The
calculated occupied and unoccupied states shift caused by intrinsic defects in CTS.
The red and blue lines show the valence and conduction band positions of CTS,
respectively.

tion energy levels positioned 0.1 eV and 0.2 eV below the VBM, re-
spectively. These energy levels are situated near the VBM and pos-
sess a negative charge, which facilitates electron acceptance and
hole formation, thus enhancing p-type conductivity. In contrast,
the acceptor transition levels of Tecq and Te; are located below the
conduction band, with their TeZ; — Teg,, Te?~ — Te;, Tegy — Tely
and Te; — Te? transitions characterized as deep acceptor defects,
which may capture electrons and consequently suppress conduc-
tivity. Donor characteristics are demonstrated by Cdse, Cdr, Cd;,
Vse and V. In particular, the (0/+1) and (+1/+2) transition lev-
els of Cdr, Cd; and Cds. are close to the CBM, classifying them
as shallow donor defects. These shallow donor defects enhance n-
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type conductivity through their ability to readily release electrons.
In contrast, the VI, — V¢! — and V¢! — V{2 transition levels of
Vse are positioned at 0.7eV and 0.8eV from the CBM, indicating
that it functions as a deep donor defect.

The modulatory effects of different intrinsic defects on the
band-edge position of CTS are significant. All defect configurations
are considered in their neutral charge states, which provide a con-
sistent basis for evaluating band-edge modulation. As shown in
Fig. 2b, acceptor-type defects, including V4, Tecq, Te;, Se;, Secq,
Tese, and Sere, greatly influence the position of occupied states.
They generally shift the highest occupied state upward, with the
most pronounced increases caused by V¢4 and Tecy. The upward
movement of the highest occupied state is attributed to the in-
troduction of localized states, which reduce the binding energy
of valence band electrons, narrowing the bandgap and facilitat-
ing the hole generation. Consequently, acceptor-type defects en-
hance p-type conductivity. In contrast, donor-type defects (Cdse,
Cdte, Cd;, Vse, and Vp.) exert a more pronounced influence on
unoccupied states. The defects typically cause the lowest unoccu-
pied state to shift downward, with the shifts induced by Cdr. and
Vse being particularly pronounced. Localized electronic states in-
troduced by donor-type defects alter the energy level distribution
near the CBM, which facilitates electron transition. The downward
shift of the unoccupied states may reduce the threshold energy for
electron excitation, increasing the number of free electrons and en-
hancing n-type conductivity.

In CTS, the formation energy of intrinsic defects is influenced by
the variation in the Fermi level, revealing changes in defect charge
states and the electronic structure in different chemical environ-
ments (Fig. 3). The formation energy of defects refers to the energy
required to create defects in the material, and it is influenced by
factors such as chemical potential, Fermi level, and chemical envi-
ronment. Detailed calculations regarding defect formation energy,
chemical potentials, and the influence of different chemical envi-
ronments on defect formation are provided in the supplementary
material (Notes S1 and S2 in Supporting information). At Te-rich,
the availability of Cd atoms is reduced by the excess Te atoms,
which lowers the formation energy of acceptor-type defects and
enhances p-type conductivity. As a result, acceptor-type defects are
more easily formed in a Te-rich environment, while donor-type de-
fects have higher formation energies in a Cd-rich environment.

At Cd-rich, the formation energies of vacancy defects such as
V{2 and V§2 are relatively low, indicating that these defects are
more easily ionized and provide electrons, thereby promoting
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Fig. 3. The calculated formation energy of intrinsic defects in CTS as a function of
the Fermi level under (a) Cd-rich (point A) and (b) Te-rich (point C) conditions. The
slope of each line corresponds to the charge state of the defect: a positive slope
indicates a donor-type defect that becomes more stable when ionized (e.g., g=+1,
+2), while a negative slope indicates an acceptor-type defect (e.g., q=—1, —2). The
charge states shown are consistent with those used in the main text and Fig. 2.
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n-type conductivity. The vacancies of Se and Te are filled by excess
Cd atoms, further reducing the formation energies of these defects
and enhancing the donor effect (Fig. 3a). In contrast, the formation
energies of Se?~ and Te?~ defects are lower at Te-rich environ-
ment, which suggests that they function as acceptor-type defects,
efficiently capturing electrons and promoting p-type conductivity
(Fig. 3b). Additionally, the low formation energies of Se%e‘ and
Teéa defects in both Cd-rich and Te-rich environments suggest
that these defects readily form under various chemical conditions,
which is attributed to the chemical similarity between Se and
Te. The similar atomic radii and valence electron structures of
Se and Te lower the substitute energy in the lattice. Their strong
lattice adaptability minimizes local distortions, thus reducing the
formation energy of defects.

In semiconductor materials, the presence of defects plays a cru-
cial role in carrier recombination behavior, directly influencing the
carrier transport and optoelectronic properties of the material. In
the investigation of carrier lifetime, we concentrate on the Secy,
Tecq, Vse, Sete and Teg. defect systems. These defects are selected
for their ability to effectively widen the bandgap, suppress mid-
gap defect state formation, and reduce non-radiative recombina-
tion pathways [32], demonstrating significant potential to enhance
carrier lifetime (Fig. S1 in Supporting information). All defect con-
figurations are modeled in their neutral charge states to ensure
consistency in the evaluation of intrinsic recombination mecha-
nisms. To further understand the impact of these defects on car-
rier recombination mechanisms, Hefei-NAMD-based computational
framework is adopted to analyze their specific roles in the carrier
recombination process, revealing the energy level changes induced
by defects and the mechanisms governing carrier transitions be-
tween different defect states [42].

Based on MD simulations, the systems are heated to 300 K. Dur-
ing the heating process, anharmonic effects exert significant phys-
ical influence, particularly at higher temperatures, where phonon
excitation and lattice vibrations play a crucial role in carrier be-
havior. Fig. 4 illustrates the temporal evolution of CBM, VBM, and
defect energy levels at 300K. By monitoring these energy levels,
the strength of electron-phonon coupling can be directly observed,
mainly reflected in the amplitude of energy level oscillations. As
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Fig. 4. The energy evolution of Kohn-Sham (KS) states in pristine CTS and defective
systems. (a) Represents pristine CTS, (b) Secq, (¢) Tecq, (d) Vse, () Sere and (f) Tese.
The energy reference is set at the VBM of the initial configuration, with the red
line representing the VBM, the blue line representing the CBM, and the magenta
and green lines indicating defect levels near the VBM and CBM.
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Fig. 5. FT spectra illustrating the frequency response of the VBM, CBM and defect
states for pristine CTS and systems with defects, including (a) pristine CTS, (b) Secq,
(c) Tecq, (d) Vse, (e) Sere and (f) Tese. The spectra capture the characteristic vibra-
tional modes associated with each system'’s electronic states. For simplicity, defect
states near the VBM are designated as defect,, while those near the CBM are labeled
as defect.

shown in Figs. 4b-f, except for the Tes. defect, defect energy lev-
els are introduced near the CBM or VBM by the other four defect
systems (Secq, Tecq, Vse, Sere). The introduction of the defect en-
ergy levels alters the material’s band structure, particularly for the
Tese defect, which induces charge rearrangement, significantly al-
tering the local charge distribution and increasing the density of
electronic states near the band edges. In the pristine CTS system,
the VBM and CBM exhibit significant time-dependent oscillations
with an amplitude of approximately 0.3 eV. The oscillations suggest
that the energy level positions fluctuate periodically due to tem-
perature effects and electron-phonon interactions. The modulation
effect of defect states is particularly evident in the Secq, Tecq and
Vse systems during the molecular dynamics simulations, where the
defects significantly influence dynamic changes in carrier energy
levels by modifying the local electronic environment.

The primary phonon frequencies associated with electronic
state coupling are characterized by Fourier transform (FT) spectra,
as shown in Fig. 5. Across all systems, the primary phonon modes
appear below 200 cm~! in the low-frequency region, concentrated
in the low-frequency region, which indicates weak phonon scat-
tering and contributes to longer carrier recombination lifetime. In
the pristine CTS system (Fig. 5a), the main phonon peaks occur at
53, 98 and 135 cm~!. The 53 cm~! vibrational mode couples with
the VBM, the 98 cm~! vibrational mode couples with both the
CBM and the VBM, and the 135 cm~! mode similarly shows this
dual coupling characteristic. The interaction between the conduc-
tion and valence bands is enhanced by this dual coupling, which is
crucial for carrier transitions and recombination dynamics. Further-
more, the phonon spectrum and phonon density of states (Phon-
DOS) of CTS are calculated using density functional perturbation
theory (DFPT) (Fig. S2 in Supporting information). Prominent peaks
are observed in the Phon-DOS at 53, 98 and 135 cm™!, aligning
closely with the vibrational modes derived from Fourier transform
calculations. Moreover, comparison with the Phon-DOS indicates
that increasing temperature enhances anharmonic effects, leading
to amplified vibrational amplitudes at these frequencies [43].

Following the introduction of the Secy defect, a significant
enhancement of the vibrational mode near 152 cm~! is observed,
accompanied by an increased amplitude (Fig. 5b), with strong
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coupling to both defect states and band-edge states. This implies
that local vibrations are induced by the defect, thus enhancing the
electron-phonon interaction between the defect and the valence
band. In the Tecy defect system, a significant enhancement of the
vibrational mode at 135 cm™! is observed, along with a strength-
ened coupling between the CBM and VBM. The enhancement is
primarily attributed to the local lattice distortion induced by the
defect (Fig. 5¢). In contrast, in Seqe and Tes. defect systems, the
emergence of new high-frequency phonon modes is observed, with
these modes primarily manifesting as local vibrations (Figs. 5e
and f). Although they influence the local electronic structure, their
weak coupling with the band-edge states weakens the electron-
phonon interaction. Furthermore, compared to the Secy and Tecqy
defect systems, the low-frequency phonon modes in the Sep. and
Tese systems are less pronounced, indicating another potential
mechanism for the effective suppression of non-radiative carrier
recombination.

Non-adiabatic electron-hole (e-h) recombination refers to the
relaxation of an excited-state electron from the conduction band
minimum (CBM) to the valence band maximum (VBM). When de-
fect states are present, the Shockley-Read-Hall (SRH) recombina-
tion model defines two main pathways: one involves direct re-
combination from the CBM to the VBM, and the other involves
the electron being captured by a defect state, undergoing energy-
level transitions, and eventually recombining with a hole [44]. DOS
analysis shows that the defect systems studied here do not intro-
duce significant defect states within the band gap (Fig. S1). There-
fore, the recombination of electrons primarily occurs via the direct
path. In the pristine CTS system, the carrier recombination time
is 149.71 ns, which consists of existing experimental results, vali-
dating the reliability and accuracy of the model (Fig. 6a) [45,46].
In Secq, Tecq and Vs, defect systems, the recombination times are
shortened to 9.44, 30.95, and 80.03 ns, respectively (Figs. 6b-d), in-
dicating that the introduction of defects accelerates the carrier re-
combination process. However, in the Sep. and Tes. defect systems
(Figs. 6e and f), the recombination times significantly increase to
198.04ns and 239.5ns, respectively. Previous analysis has shown
that the formation energies of Ser. and Tes, defects are the lowest
in the CTS system, particularly under Cd-rich and Te-rich growth
conditions, indicating that these defects are more likely to form
during the growth of the CTS system. The findings provide essen-
tial theoretical guidance for the optimization and practical appli-
cation of the CTS system. Specifically, Ser. and Tes. defect systems
may significantly contribute to improving device performance.

The degree of coupling between two electronic states is de-
scribed by the NAC. A larger NAC value indicates stronger cou-
pling, which generally leads to an increased probability of electron
transitions between these states, thereby accelerating the electron
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Fig. 6. e—h recombination dynamics illustrated by the time-dependent electron
population on the CBM for pristine CZT and defective systems: (a) pristine CTS, (b)
Secq, () Tecq, (d) Vse, (e) Sere and (f) Tese.
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Table 1
Average absolute NAC values (meV) and DT (fs) among the VBM, and the CBM for
pristine CTS and defective systems.

Parameter CTS Sere Tese Vse Secq Tecq

NAC (meV) 8.8x10* 52x10* 43x10™% 0.003 0.065 0.026
DT (fs) 4.42 4.29 4.04 6.28 10.8 7.05

relaxation process. In NAMD simulations, the lifetime of excited-
state carriers is governed by NAC and decoherence time (DT), both
of which are closely related to phonon excitation and electron-
phonon coupling. The increased NAC values and longer DT be-
tween the CBM and VBM are pivotal in facilitating the dynamics
of electron-hole recombination. Table 1 summarizes the NAC val-
ues and DT between the CBM and VBM, along with the coupling
between defects and band edges. In Secy and Tecy defect systems,
the NAC values between the CBM and VBM are 0.065 and 0.026
meV, with corresponding DTs of 10.76 and 7.05 fs. The higher NAC
values and longer DT promote rapid carrier transitions between
energy levels, accelerating the electron-hole recombination process
and further increasing the recombination rate. In contrast, the NAC
values in Ser. and Tes, systems are much lower by at least two or-
ders of magnitude, with values of 5.2 x 10~% and 4.3 x 10~% meV,
respectively. Their DTs are also shorter, at 4.29 and 4.04 fs, respec-
tively. The electron-hole recombination process appears to be in-
hibited by the lower NAC values and shorter DTs. Specifically, the
carrier recombination times in the Set. and Tese systems are about
32- and 39.4-fold greater than that of the Secy system, respectively.
The result underscores the pivotal role of NAC in recombination
dynamics, illustrating that optimizing NAC values can effectively
regulate the recombination rate and improve the material’s opto-
electronic properties.

To further investigate the factors regulating carrier recombina-
tion mechanisms, we focus on the impact of carrier concentration
on the recombination process, revealing its significant role in re-
combination behavior. In the systems studied, recombination oc-
curs between the CBM and the VBM. Therefore, the band-to-band
recombination mechanism in the CTS system is discussed, with de-
tailed calculations presented in Notes 3 (Supporting information).

With a fixed equilibrium carrier concentration ng (10> cm=3),
as the initial non-equilibrium carrier concentration An(0) increases
from 102 cm~3 to 1022 cm~3, the recombination lifetime Tpanq4-pand
drastically decreases from the millisecond to the nanosecond scale
(Fig. 7a). Other ng values also show the same trend, indicating that
higher initial non-equilibrium carrier concentration accelerates the
recombination process. Furthermore, for a fixed An(0), as ng in-
creases, Tpand-band €Xhibits two trends (Fig. 7b). Specifically, when
ng (or pg) is much smaller than An(0), Tpand-band FeMains nearly
constant, suggesting that An(0) primarily governs the change in
the recombination rate. This applies to most intrinsic semiconduc-
tors, where ng and pg are typically low (for intrinsic CTS, ng and
po are approximately 1.404x106 cm—3), significantly lower than the
value of An(0) (2.307x102% cm~3). In the case of high defect den-
sity (2.307x1020 ¢cm~3 in this work), n-type defects correspond
to a high equilibrium electron concentration, while p-type defects
correspond to a high equilibrium hole concentration. The system’s
ng and py become comparable to An(0), as shown by the shift in
the line in Fig. 7a and the reduction in lifetime at both ends of
Fig. 7b. These results suggest that the influence of ny and pg on the
recombination process intensifies at higher concentrations [47].

The time decay behavior of non-equilibrium carrier concen-
tration is investigated under various initial concentration con-
ditions (Figs. 7c and d), With an initial concentration An(0)
of 2307 x102°cm—3, decreases rapidly to 1/e of its initial
value within nanoseconds. A further reduction in An(0) to
2.307x10 cm~3 results in an increased decay time, extending
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Fig. 7. The calculated dependence of Tpingpang Of CTS system. (@) Tpand.band aS
a function of the initial non-equilibrium carrier concentration An(0) for dif-
ferent equilibrium carrier concentration ng(po). (b) Tpand-bana @S @ function of
no(po) for given values of An(0). The time evolution of carrier concentration
An(t) of CTS system. (c) The time evolution of carrier concentration An(t) for
An(0)=2.307x102° ¢m—3, with three different ny(py) values. (d) The time evolu-
tion of An(t) for=2.307x10% cm~3, again with three different ny(po) values.

to the millisecond range. Furthermore, in n-type defects, when
ng is very high, the simulated decay of An(t) significantly ac-
celerates, and a similar trend is observed for the high value of
po corresponding to p-type defects. Therefore, by precisely con-
trolling carrier concentration, both the recombination rate can
be regulated, and the optoelectronic properties of the material
can be optimized. In the design and application of optoelectronic
devices, effective carrier concentration control can improve device
efficiency, minimize energy loss, and prolong the device lifespan.
This study systematically investigates the electronic structure,
formation energies, and transition levels of intrinsic defects in CTS
materials using DFT and NAMD methods, offering new insights into
the critical properties of excited-state carrier dynamics. The find-
ings reveal that Te-rich conditions promote the formation of ac-
ceptor defects (e.g., V%g and Sef*) enhancing p-type conductivity,
whereas Cd-rich conditions favor the generation of donor defects
(e.g. V¢Z and V}2), improving n-type conductivity. Furthermore,
Sete and Tese defects exhibit high thermodynamic stability due to
their low formation energies, allowing them to form preferentially
across diverse chemical environments, thereby offering significant
potential for material performance optimization. Further analysis
reveals that defects like Secy and Tecy enhance electron-phonon
coupling, significantly shortening carrier recombination times,
while Set. and Tes. defects suppress the NAC through weaker cou-
pling, extending recombination times. FT analysis highlights that
the phonon modes of different defect systems are mainly concen-
trated in the low-frequency region (below 200 cm~!), with the
weak electron-phonon coupling in Set. and Tes. defects further op-
timizing carrier dynamics. Finally, non-equilibrium carrier concen-
tration significantly affects recombination processes. At higher con-
centrations, recombination times shorten significantly, highlighting
the importance of defect engineering in controlling recombination
dynamics. Ser. and Tes. defects show significant potential for im-
proving optoelectronic performance, providing a theoretical basis
for optimizing CTS material performance and practical applications.
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