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CdTe and its alloy CdSeTe are widely used in optoelectronic devices, such as radiation detectors and solar
cells, due to their superior electrical properties. However, the formation of defects and defect complexes in these
materials can significantly affect their performance. As a result, understanding the defect formation and recom-
bination processes in CdTe and CdSeTe alloy is of great importance. In recent years, density functional theory
(DFT) calculations have emerged as a powerful tool for investigating the properties of defects in semiconduc-
tors. In this paper, we use DFT+U calculations to comprehensively study the properties of intrinsic defects as
well as extrinsic defects induced by commonly used dopants, such as Cu and group V elements, in CdTe and
CdSeTe alloy. This work provides insights into the effects of these defects on the electrical and optical properties
of the material.

I. INTRODUCTION

Cadmium telluride (CdTe) and its alloy with selenium (Cd-
SeTe) have been extensively studied due to their high potential
for use in optoelectronic devices, including solar cells and ra-
diation detectors. Compared to CdTe, the addition of Se to
the alloy has been shown to improve the material’s electronic
properties, such as its carrier lifetime and carrier mobility, al-
lowing tuning of bandgap, making it a promising candidate for
high-efficiency solar cell applications [1]. The performance of
these devices, however, can be significantly impacted by the
presence of point defects, which can affect the material’s elec-
trical and optical properties. To better understand the effects
of defects on the properties of CdSeTe, it is necessary to inves-
tigate the formation and recombination of defects and defect
complexes in this material. In this work, we use density func-
tional theory (DFT) calculations to investigate the properties
of intrinsic defects, copper and group V dopants in CdSeTe,
with a focus on the formation of point defects and their im-
pact on the material’s electronic properties. We consider in-
trinsic defects that have been widely reported and are consid-
ered to be significant, such as VCd[2–6], TeCd[7, 8], VTe[7, 9–
11], CdTe[7, 9, 10], Cdint [7], Teint [3, 7, 9, 12], SeCd[13],
VCd +TeCd[14] and Teint +TeCd[14]. For copper in CdSeTe,
we consider four dominant extrinsic defects reported in the
literature, including CuCd[15, 16], Cuint [15], CuCd +Cdint [15]
and CuCd +Cuint [15]. And for group V dopants, in addition
to the commonly recognized AX defects and substitutional
defects AsTe[12, 17], we also consider two types of defects
complexes that has not been thoroughly studied, including
(Cdint +AsTe)

+ and (VTe +AsTe)
+. The choice of these two

defects is based on the potential Coulombic interaction be-
tween As−1

Te and Cd2+
int or V 2+

Te .

II. METHODS

A. FIRST-PRINCIPLES CALCULATION METHODS

Most DFT calculations apply the generalized gradient ap-
proximation (GGA) or local density approximation (LDA) as
the exchange-correlation functional. However, it is widely
known that DFT with LDA or GGA is likely to underes-
timate the bandgap of semiconductors. For CdTe, GGA
gives us a bandgap of 0.68 eV, which is much smaller
than experimental values (≈ 1.5 eV). This can be explained
by the overestimation of the delocalization of Cd-4d elec-
trons, which lifts the valence electron energies (the Te-5p va-
lence band) [18]. There are many approaches to correct the
exchange-correlation functional, such as self-interaction cor-
rection (SIC) calculations[19], and hybrid functional of Heyd,
Scuseria and Ernzerhof (HSE)[2, 4]. However, these meth-
ods are computationally expensive, which makes them im-
practical for study of defects in alloys due to the massive
number of possible configurations. DFT with coulomb self-
interaction potentials (GGA+U) is another method that has
been frequently used to correct the calculated bandgaps [18].
This method combines Hubbard-like model for a portion of
states in the system with Coulomb self-interaction potentials
(U) to select bands for correction. Non-integer or double oc-
cupations of states are described by introducing of two pa-
rameters: (1) U, which reflects the intensity of the on-site
Coulomb interaction, and (2) J, which adjusts the intensity of
the exchange interaction. Typically, for simplicity, an effec-
tive parameter Ueff = U − J is used. This effective parameter
Ueff is typically referred to as U.
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B. Computational Details

Our investigation reveals that setting U=12.2 eV[20] for
Cd-4d orbitals in CdTe closely matches the experimental lat-
tice constant and bandgap, showcasing the effectiveness of
the GGA+U method. In comparison, while the HSE method
accurately reproduces the experimental bandgap, it tends to
overestimate lattice constants, indicating a larger error margin
compared to the GGA+U approach.

Applying the optimized U parameter to zinc blende and
wurtzite structures of CdSe, we observe a surprisingly good
agreement with experimental data, surpassing the perfor-
mance of the HSE06 hybrid method. Specifically, the bandgap
and lattice parameters of zinc blende CdSe align closely with
experimental results, as detailed in Table I. For the wurtzite
structure, although GGA+U slightly underestimates lattice pa-
rameters, the bandgap predictions remain consistent.

This consistent accuracy across both CdTe and CdSe can
be attributed to the similar d-s coupling inherent to Cd-Te and
Cd-Se bonds, with both Te and Se being group VI elements.
The GGA+U method effectively lowers the Cd 4d bands, en-
hancing d-s coupling. With U=12.2 eV, it provides a suitable
correction for both materials. The details of U value determi-
nation are provided in Appendix A.

Leveraging this optimized U value, we extend our study to
the full composition range of the CdSeTe alloy. A notable ad-
vantage of the GGA+U method is its lower computational cost
compared to HSE06, facilitating the application to supercells
of the CdSeTe alloy with varied Se/Te arrangements and de-
fect calculations. This approach also allows for the extension
to larger supercells at a manageable computational expense
when some defect calculations yield less reliable results due
to finite cell-size errors[21].

Structural optimizations and energy calculations were car-
ried out using the VASP code. For the GGA+U calcula-
tions, we employed the Perdew, Burke, and Ernzerhof (PBE)
exchange-correlation functional. Additionally, the HSE06
functional with default parameters was utilized for compar-
ative analysis. The calculations were performed with a plane
wave cutoff energy of 450 eV for the wave functions. The
chosen energy cutoff value is validated in Appendix B. Spin-
polarized calculations are performed by setting ISPIN to 2.
The Brillouin zones for all structures under investigation
were sampled using G-centered k-point grids. Specifically,
a 2×2×2 k-point grid was employed for both 64-atom and
216-atom supercells, while a 1×1×1 grid was applied to the
512-atom supercell.

In the study of CdSeTe alloy, we focus on compositions of
CdSe0.25Te0.75 and CdSe0.50Te0.50. This selection is informed
by the fact that the cubic phase of CdSexTe1-x is stable for
0 ≤ x ≤ 0:45[22]. In contrast, the hexagonal phase (wurtzite
structure) of CdSexTe1−x emerges for 0:55 ≤ x ≤ 1, which is
not considered to be photoactive[22, 23]. Moreover, in most
state-of-the-art CdSeTe technologies, the Se ratio typically re-
mains below 40%[1, 24, 25]. Consequently, we will not ex-
tend our study to higher Se ratios.

Utilizing a supercell program[26], we generate 30 config-
urations for each alloy composition, prioritizing those with

the highest frequency of occurrence. The configuration se-
lected as the reference structure is the one whose formation
energy is closest to the Boltzmann distribution average of the
formation energies for all configurations sharing the same al-
loy ratio. This reference supercell then serves as the basis
for generating defect supercells. In Appendix C, we demon-
strate that the Se-Se interaction, energy difference, and lattice
constant difference in CdSeTe alloys with the same Se ratio
but different Se arrangements are all small. Therefore, the
selection of one reference structure will not significantly af-
fect the overall results. In addressing defects within the alloy,
we examine multiple configurations that exhibit varying Se/Te
arrangement environments. We found some defects, such as
TeCd , AsTe AX defects, show a significant dependence on the
local environment. However, most defects with Td symme-
try do not exhibit strong dependence on local arrangements.
For all these defects, we opt for the Boltzmann distribution
average at 873 K as a representative formation energy val-
ues across at least four configurations for each point defect.
873K is a typical annealing temperature for CdTe deposition
process[27, 28].

The defect formation energy can be derived from DFT us-
ing the supercell method[30] by the following equation,

E f
i;q = Ei;q −Ebulk −ånm +q(EVBM +mFermi)+Ecorr ;

where E f
i;q is the formation energy of a defect i, Ei;q is the

total energy of one defect state with charge q, Ebulk is the total
energy of a bulk unit cell with the same size of the defected
cell, and nm is the reference energy of n added/removed atoms
of an element at given chemical potential m . For any defects
in this paper, the chemical potentials of all species are defined
with reference to the elemental standard states. EVBM is the
valence band maximum as computed from electronic structure
of bulk supercell.

Ecorr is the charge correction energy to account for inter-
action between periodic images. The conventional FNV cor-
rection method[31] exhibits a tendency for overestimating or
underestimating the charge correction, especially when deal-
ing with partially or fully delocalized defects[32]. In order
to address this issue and enhance the accuracy of the correc-
tion process, a strategic modification is implemented. Instead
of directly applying the FNV correction to these complex de-
fects, we choose to initiate the correction process by employ-
ing the density derived electrostatic and chemical (DDEC)
method to determine the net atomic charges (NACs)[33–35].
This preliminary step serves the purpose of precisely ascer-
taining the charge localization within the system. We con-
sider the charge on the defect atom, and also compensating
charges nearby. Following the DDEC analysis, the qNAC of
the defects are determined. To find out the unscreened local-
ized charge used in FNV correction, a scaling factor k is in-
troduced. This scaling factor k is carefully calibrated to rein-
troduce the screening effect that may be lost during the charge
localization process. Subsequently, qNAC, scaled by the afore-
mentioned factor k, is treated as the input localized charge qloc
for the FNV charge correction method,

qloc = k ∗qNAC: (1)
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TABLE I. LATTICE CONSTANT, BANDGAP FOR CDTE AND CDSE OBTAINED FROM GGA+U HSE06 AND EXPERIMENTS.

Method GGA+U HSE06 Experiment[29]
Bandgap (eV) a0 (Å) Bandgap (eV) a0 (Å) Bandgap (eV) a0 (Å)

CdTe (Zinc Blende) 1.50 6.46 1.50 6.58 1.50 6.48
CdSe (Zinc Blende) 1.72 5.95 - - 1.71 5.98

CdSe (Wurtzite) 1.79 a = b = 4:21 c = 6:86 1.68 a = b = 4:30 c = 7:01 1.80 a = b = 4:30 c = 7:02
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FIG. 1. Defect formation energies vs inverse supercell size for (a) As0;−1
Te , (b) (Cdint +AsTe)

+ and (c) Cu+2
int . The defects are relaxed with

fixed lattice constants. "L" on the bottom x-axis denotes the length of corresponding CdTe supercell. The Fermi level is set to the VBM in
these plots.

The factor k can be determined using one of two ap-
proaches. The first approach involves selecting defects that
are fully localized; in this scenario, the nominal charge of the
defects is equal to qloc, facilitating straightforward determina-
tion of k. However, this method may not always be feasible
due to the prerequisite knowledge required about defect local-
ization. Alternatively, the second approach entails adjusting
the supercell size and iteratively testing k values to achieve
convergence in the defect formation energies across varying
supercell dimensions. For both strategies, it is advisable to
select defects with substantial qNAC values, as this can lead

to significant correction values. Such a selection ensures the
derived k values are both reasonable and effective.

In this study, we select Te+Cd as the reference defect due
to its advantageous properties. Specifically, the Kohn-Sham
level of Te+Cd is located within the band gap, and it exhibits
a large capture cross section for both the (0/+1) and (+1/+2)
transitions, as discussed in Sec. III A and corroborated by ex-
isting literature[3]. We firstly apply first approach to deter-
mine universal k value of 3.5 for CdTe, CdSe0.25Te0.75, and
CdSe0.50Te0.50. This k value is then verified by the second
approach by increasing supercell size.



4

Figure 1 showcases the effectiveness of our charge correc-
tion method in overcoming the limitations associated with the
FNV correction approach. Our method notably addresses sev-
eral critical issues:

• Non-zero NACs in neutral defects, such as As0
Te illus-

trated in Fig. 1a, result in image interactions that neces-
sitate charge correction, a scenario not accommodated
by FNV correction. This issue has been observed in
other work as well [36]. It occurs when a carrier fills
states with delocalized characteristics, such as states
close to the CBM or VBM. Consequently, the free car-
rier charges do not fully screen the nuclear charge of
point defects, leaving a long-range Madelung interac-
tion between the point defects even in neutral super-
cells. Our method’s application of charge correction to
these defects is supported by faster convergence, as evi-
dent in Fig. 1a. For instance, the transition level for AsTe
(0/-1) shifts from 0.22 eV without charge correction to
0.13 eV with it, more closely aligning with experimen-
tal (≈ 94 meV) [37] and hydrogenic model predictions
(≈ 113 meV) [38]. Similarly, the transition level for
PTe (0=-1) improves from 0.16 eV to 0.11 eV, nearing
experimental values (≈ 87 meV) [37].

• For charged defects that are not fully localized, our
method accurately accounts for the discrepancy be-
tween localized charge qloc and nominal charge, avoid-
ing the overcorrection observed with FNV correction.
This accuracy is validated by the consistent formation
energy results for Cuint across supercells of 64, 216, and
512 atoms, as shown in Fig. 1c.

• Additionally, our approach adeptly determines the lo-
calized charge distribution of complex defects, a task
for which FNV correction’s charge assignment proves
ambiguous and results in poor convergence. Our
method’s ability to assign qloc to specific defect po-
sitions leads to improved convergence for complex
defects such as (Cdint + AsTe)

+, as demonstrated in
Fig. 1b.

For localized defects, such as As−1
Te in Fig. 1a, Te+1

Cd and
Te+2

Cd , our method shows little difference compared to FNV
correction. These findings highlight the comprehensive capa-
bilities of our charge correction method in accurately mod-
eling defect properties, surpassing the limitations of existing
approaches.

III. RESULTS AND DISCUSSION

A. Intrinsic Defects

Defect formation energies of intrinsic defects are depicted
in Fig. 2. It is worth noting that there are some negative values
of defect formation energies in certain regions. These negative
values suggest a very high concentration of defects in these re-
gions. However, these regions are unlikely to be achieved un-
der normal conditions due to their coupling with Fermi level.

For example, in Fig. 2a, the undoped material is n-type as the
dominant defects VCd and Cdint will cause Fermi level pinning
at around 1.1 eV (referenced to VBM). When the system ap-
proaches p-type, it will lower the formation energy of Cdint ,
thus more donors will be generated, keeping the system n-type
(or at most weakly p-type). Therefore, the negative values
near VBM for Cdint indicates that achieving a strong p-type
Fermi level in this material is extremely difficult. A similar
situation occurs in Fig. 10.

The cadmium vacancy VCd is a pivotal intrinsic defect in
CdTe and its alloys, with its configuration and transition lev-
els being subjects of significant debate in both theoretical and
experimental literature[2]. Our research reveals that the neu-
tral state of VCd primarily adopts D2d symmetry (dimer struc-
ture), featuring two fully occupied degenerate states and one
unoccupied state. In contrast, the -1 and -2 charged states are
most stable in Td symmetry. The transition levels of VCd , as
established in various studies, range from 0.1 to 0.8 eV above
the VBM [9, 39–44]. In this work, the transition levels for
VCd in CdTe are identified as 0.17 eV for the (-1/0) transi-
tion and 0.30 eV for the (-2/-1) transition. For CdSe0.25Te0.75,
these levels are 0.16 eV and 0.30 eV, respectively, while for
CdSe0.50Te0.50 they are 0.14 eV and 0.35 eV, respectively.
These findings indicate that the transition levels of VCd ex-
hibit relative consistency in alloys with a selenium ratio below
50%.

Furthermore, we calculated the defect capture cross sec-
tion of VCd in CdTe based on static approximation[30, 45–
49]. The results, presented in Fig. 3 and Table II, reveal that
the potential energy surface (PES) of the (-2/-1) transition is
quasi-harmonic, while the PES of the (-1/0) transition is an-
harmonic. This discrepancy can be attributed to the proxim-
ity of metastable D2d V−1

Cd and Td V 0
Cd states, which merge

with the most stable configurations of these respective charge
states—a phenomenon also observed elsewhere in HSE06 cal-
culation of VCd[4] and defects in GaAs[49]. From the carrier
capture cross section calculations, we determined that the (-
1/0) transition exhibits strong nonradiative recombination in-
tensity, whereas the (-2/-1) transition demonstrates only weak
nonradiative recombination. This observation aligns with pre-
vious reports using the HSE06 functional[3, 4].

TABLE II. Capture cross section of deep level defects in CdTe at 300K

Defect Transition Level Trapping Process s(T = 300K)[cm2]

VCd (-2/-1) hole capture 8:0×10−17

electron capture 1:9×10−20

VCd (-1/0) hole capture 2:8×10−16

electron capture 2:1×10−15

TeCd (+2/+1) hole capture 2:1×10−18

electron capture 1:0×10−15

TeCd (+1/0) hole capture 3:3×10−15

electron capture 8:1×10−18

The second critical intrinsic defect under investigation is
TeCd . The charge states Te+Cd and Te0

Cd both exhibit C3v sym-
metry as shown in Fig. 4, while Te2+

Cd displays Td symmetry. A
significant dependence on the Se/Te arrangement is observed
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FIG. 2. Defect formation energies vs Fermi level of intrinsic defects in CdTe (a and d), CdSe0.25Te0.75 (b and e), and CdSe0.50Te0.50 (c and f)
under Cd-rich (a-c) and Te-rich (d-f) conditions. The chemical potential conditions are mCd +mTe =−1:28 eV and mCd +mSe < 0:15 eV.

(a) (b)

FIG. 3. Configuration Coordinate Diagram of VCd (-1=0) and (-2=-1).
Q in X-axis corresponds to the mass-weighted configuration coordi-
nate. Q indicates the configurational coordinate path between equi-
librium configurations. Q = 0 indicates defects ground state with Td
symmetry.

for TeCd defects with C3v symmetry. To exemplify this, we
considered Te0

Cd and calculated its formation energy for 56
different local Se/Te environments. These 56 Te0

Cd defects

FIG. 4. Schematic of TeCd C3v defect configuration. c denotes length
of the long bond. a denotes length of three short bonds.

were randomly split into an 80% training set and a 20% test-
ing set. We employed a neighbor counting linear regression
model, as detailed in Table III, which effectively captures this
dependence using eight features. This regression model was
trained using a bootstrapping strategy, a resampling technique
that involves repeatedly drawing samples from our dataset
with replacement[50]. We repeat this process 10 times. The
fitting results, illustrated in Fig. 5, demonstrate the model’s
accuracy.

The eight features considered in the model include the Se
ratio, the square of Se ratio, the presence of a first nearest
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FIG. 5. Comparison between Defect Neighbor Model predictions
and DFT calculations for theTe0

Cd defect across Se ratios ranging
from 0% to 50% (56 data included). The root mean square error
(RMSE) for test data and correlation coef�cient (R2) demonstrate
excellent agreement with the data.

neighbor (1NN) Se atom with a long bond, the count of 1NN
Se atoms with short bonds, the square of the count of 1NN Se
atoms with short bonds, the presence of second nearest neigh-
bors (2NN) with one long and one short bond, 2NN with one
long bond, and 2NN with one short bond. The positive coef�-
cients for the Se ratio and Se ratio squared suggest that higher
Se ratios make the formation ofTe0

Cd less favorable. The fea-
ture 1NN Se with a long bond indicates whether the elongated
bond in theC3V con�guration is occupied by Se, with its neg-
ative coef�cient implying that the presence of Se in this bond
promotesC3V defect formation. The features 1NN Se with
short bonds and its square capture a quadratic relationship be-
tween the formation energy ofC3V defects and the occupancy
of short bonds by Se, with the minimum of the quadratic func-
tion occurring near a Se ratio of 0.8. This indicates a decrease
in formation energy as more Se atoms occupy the 1NN short
bonds with Se ratio less than 80 %. The �nal three features
account for the 2NN Se/Te atoms and whether they are neigh-
bors to the 1NN with elongated or short bond, or both. The
positive coef�cient for 2NN (1 Long, 1 Short) and negative
coef�cients for both 2NN (1 Long) and 2NN (1 Short) re�ect
the diverse preferences for theC3V defect con�guration. This
model can be further integrated with Lattice Monte Carlo sim-
ulations to elucidate the impact of the local environment on
TeCd. Additionally, we performed calculations for the capture
cross section of this defect, with results presented in Table II.
These �ndings validate thatTeCd can create deep-level trap
centers, aligning with previous HSE06 calculations and ex-
perimental observations[3, 51].

TABLE III. Te0
Cd Defect Neighbor Model: coef�cientsDE and their

standard deviations for each feature. For nearest neighbor counting
features, the count is speci�c to Se atoms. The distinction between
short bond and long bond is shown in Fig. 4.

Feature DE (meV) Feature DE (meV)
Se ratio 383� 52 (1NN Se with short bonds)2 32� 2

(Se ratio)2 760� 70 2NN (1 Long, 1 Short) 38� 2
1NN Se with long bond � 74� 4 2NN (1 Long) � 44� 2

1NN Se with short bonds� 51� 8 2NN (1 Short) � 29� 2

FIG. 6. Schematic ofTeint split defect con�guration

The defectsVTe, Cdint , andCdTe are identi�ed as shallow
donors, exhibiting several common characteristics. BothVTe
and CdTe display negative-U behavior. The (+2/0) transi-
tion states ofVTe andCdTe, along with the (+2/+1) transition
state ofCdint , are situated near the conduction band minimum
(CBM) or embedded within the conduction band (CB). Con-
sequently, the +2 charge state is predominant for all three de-
fects in p-type CdTe and its alloys. Only minor variations in
their formation energies are observed with Se alloying, sug-
gesting that these defects will continue to act as compensat-
ing defects in intrinsic CdSeTe alloys. Among these,CdTe
exhibits the highest formation energy under both Cd-rich and
Te-rich conditions, indicating that it is unlikely to be the domi-
nant compensating defect. The neutral state ofVTe is most sta-
ble in a Jahn-Teller distorted structure, consistent with HSE06
calculations[2]. TheV+ 2

Te state is most stable inTd symmetry,
while Cd+ 2

int is most stable when positioned in a tetrahedral
vacant site surrounded by four group VI atoms.

Interstitial telluriumTeint is identi�ed as a donor. We used
ab-initio molecular dynamics (MD) to run simulated anneal-
ing, a technique for �nding global energy minimums ofTeint
without an initial guess structure. Essentially, the system be-
gins at high temperature and is slowly cooled, eventually set-
tling into a low energy con�guration. MD was run in the
canonical (NVT) ensemble, using the Nose-Hoover thermo-
stat to control the system temperature. The system was ad-
vanced with a 6 femtosecond time step for 1000 steps, start-
ing at 1000K and ending at 1K. We foundTeint prefers to form
split interstitial oriented along the [110] directions. Ref. [52]
�nd identical stable con�gurations. Some studies suggest that
Teint could be a deep-level defect[3, 51], and our �ndings in-
dicate that the transition level ofTeint is indeed located near
the mid-gap. However, the formation energy ofTeint is not
particularly favorable, even under Te-rich conditions. Based
on its formation energy and our compositionally constrained
thermodynamic (CCT) method[53], we estimate that the den-
sity of Teint at 300K is around three orders of magnitude lower
than the carrier density and the densities of two other deep-
level defects,TeCd andVCd, under Te-rich condition. Conse-
quently, the effectiveness ofTeint in limiting carrier lifetime
is questionable. This aspect will be further explored in our
future work.
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The defectTeCd can potentially form complexes withTeint
andVCd due to strong binding energy[14]. We have investi-
gated the formation energies of theVCd + TeCd and Teint +
TeCd complexes in Fig. 2 and employed the CCT to estimate
their densities. However, the results are similar to those for
Teint . We determined that the density of these two complexes
at 300 K is approximately three orders of magnitude lower
than the carrier density. Further investigation is required to
ascertain whether these complexes signi�cantly impact the de-
fect distribution.

We have also explored dominant deep level defect forma-
tion energy in CdSeTe alloy with varied Se/Te ratio. Dom-
inant defect formation energy in CdTe and CdSeTe for dif-
ferent charge states are depicted in Fig. 2. It is clearly ob-
servable that deep level defects have higher formation energy
in Cd-rich condition. In fact, both experimental observation
and HSE06 results validate this observation that as CdTe be-
comes more Cd-rich, a longer minority carrier lifetime can be
achieved[51]. This conclusion remains valid in CdSeTe al-
loy. Moreover, from experiment observation[54, 55], the bulk
recombination in CdSeTe alloy is lowered in CdTe. Fig. 2
shows that the formation energy of deep level defects (TeCd
andVCd) slightly increases as we raise the Se ratio. Speci�-
cally, TheEf of V0

Cd is 0.15 eV higher in 50% alloy whileEf of
Te+ 2

Cd is 0.18 eV higher. This suggests a lower density of deep
level centers in CdSeTe alloy. In addition, Se alloying could
possibly deactivate the recombination centres by forming Se-
complexes[55]. Thus, it is expected that bulk recombination
will be reduced in CdSeTe alloy.

Examination of Fig. 2d, Fig. 2e, and Fig. 2f reveals that the
Fermi levelEF is consistently pinned around 0.6 eV across
CdTe, CdSe0.25Te0.75, CdSe0.50Te0.50 compositions for Te-
rich condition. Under such condition, the dominant accep-
tor is VCd and the dominant compensating donors areTeCd,
Cdint , VTe andSeCd. For Cd-rich condition,EF is observed to
be pinned between 1.2 eV and 1.3 eV for the same composi-
tions. Under such condition, the dominant acceptor isVCd and
the dominant compensating donors areCdint , andVTe. These
�ndings align closely with Yang's �rst-principles calculations
using the HSE06 functional[2], highlighting the intrinsic self-
doping limits under equilibrium growth conditions. Interest-
ingly, this limitation may potentially be circumvented by em-
ploying rapid cooling from high temperatures[2]. Nonethe-
less, the current method for calculating defect formation ener-
gies in the alloy, utilizing a Boltzmann distribution average
at 873 K, simpli�es the analysis but might not adequately
address the intricacies arising from defects signi�cantly in-
�uenced by the Se/Te arrangement. In addition, defect in-
teraction is omitted when the material is cooling down from
high temperature. Achieving a more detailed defect pro�le ne-
cessitates the integration of Lattice Monte Carlo simulations
and continuum simulations[56–58]. These advanced simula-
tion techniques are planned for inclusion in our future work,
promising a deeper understanding of defect dynamics within
the alloy.

FIG. 7. Schematic of AX center defect con�guration

FIG. 8. Schematic of AX center defect band splitting. Left one in-
dicates AX in CdTe and right one indicates AX in CdSe0.25Te0.75.
4 Esplit is the band splitting energy

B. Group V Dopants

Arsenic (As) and phosphorus (P) have been identi�ed as
effective dopants in CdTe-based materials, offering potential
for enhancing p-type doping in solar cells[17]. However, the
behavior of As and P in CdSeTe, such as the primary sources
of compensating defects in As- and P-doped CdTe, remains
less understood[59].

As anticipated, As can substitute for Te or Se in CdSeTe,
acting as an acceptor due to its group V nature, possessing one
electron fewer than Te. In this study, we focus on the substitu-
tional defectAsTe andPTe, as other related defects, like As/P
interstitials, exhibit relatively higher formation energies[17].
Our calculations show that the neutral and -1 charged states
of AsTe andPTe displayTd symmetry, consistent with previous
reports[17]. The calculated (0/-1) transition levels forAsTe
andPTe are 0.13 eV and 0.18 eV, respectively (Table IV, Ta-
ble V, Fig. 19a), indicating shallow levels suitable forp-type
CdTe doping. However, the transition level ofAsTe shifts to-
ward the CBM, reaching 0.31 eV above the valence band max-
imum (VBM) when the Se ratio is 50% (Table IV, Table V,
Fig. 19b, Fig. 19c). Conversely, the transition level ofPTe re-
mains close to the VBM even as the Se ratio increases. This
suggests that for As-doped CdSeTe, careful control of the Se
ratio is necessary to maintain reasonable As doping ef�ciency.

Furthermore, As and P can form a +1 charged AX cen-
ter defect, converting it into a donor[12, 17]. As depicted in
Fig. 7, this asymmetric defect occurs when As/P shifts toward
one of the neighboring Te atoms, causing the triply degenerate
Td state to split into two fully occupied states and one empty
state, as illustrated in Fig. 8. This process results in the break-
ing of one bond with a neighboring Cd atom for each of the
two atoms. If the band splitting energyDEsplit exceeds the
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bonding energyEbond with Cd, the AX defect becomes more
stable than theTd As/P substitutional defect. However, our
calculations indicate that in CdTe the formation energy of the
As AX center is 1.92 eV, similar to that ofTd As+ 1

Te at 1.93 eV.
Similarly, the P AX center has a formation energy of 2.04 eV,
close toTd P+ 1

Te at 2.10 eV, suggesting that the AX center does
not provide additional stability.

As the Se ratio increases, theTd +1 charge state ofAsTe
exhibits a formation energy of 1.93 eV in CdTe, 1.89 eV in
CdSe0.25Te0.75, and 1.84 eV in CdSe0.50Te0.50, indicating a
slight preference for theTd +1 defect with higher Se alloying.
However, the formation energy of the AX defect signi�cantly
decreases with increasing Se ratio in the CdSeTe alloy. For
instance, in CdSe0.25Te0.75, the formation energy of the AX
defect ranges from 1.57 eV to 1.79 eV for different Se/Te ar-
rangements, compared to 1.92 eV in CdTe. This suggests a
possible interaction between Se and the AX defect that could
lower the formation energy of the AX defect and compensate
for p-type doping. As shown in Fig. 8, the favorable forma-
tion energy of the AX defect is not attributed to an increase
in DEsplit, but rather to the nearby Se atom potentially weak-
ening the bond between Cd and As/Te. In fact, our study of a
64-atom supercell of CdSeTe alloy with only one Se atom in
the group VI lattice revealed that the lowest formation energy
of the AX defect occurred when either the Te4 or Te5 atom
was replaced with a Se atom. From Fig. 7, it can be inferred
that when a smaller Se atom is placed into positions Te4 and
Te5, the nearby Cd atoms are compressed in the direction of
As1-Te1, strengthening the As1-Te1 bond but weakening the
As1-Cd6 and Te1-Cd7 bonds. Moreover, we observed that the
As atom tends to move toward the Te atom to form a dimer
structure in the alloy, while moving toward the Se atom is not
energetically favorable. A similar behavior is observed forPTe
as well.

To further unveil the impact of AX center defects on group
V dopability, we explore the transition mechanism between
the AX center defect and the neutralAsTe substitutional defect
within a 25% CdSeTe alloy. We plot the con�guration coor-
dinate diagram (CCD) ofAsTe (+1_AX/0) in Fig. 9a. The sig-
ni�cant barrier (� 0:4 eV) between the AX andTd As+ 1

Te states
likely limits the occurrence of AX defects, a �nding consis-
tent with similar transition barriers reported in CdTe[12]. Al-
though certain alloy arrangements may promote AX defect
formation, the overall quantity of AX defects may still be lim-
ited, due to the notable transition barrier between the AX de-
fect and the positively chargedTd AsTe defect. Recent compu-
tational �ndings[59] indicate that AX centers do not constitute
a bottleneck for p-type doping in CdTe and CdSeTe alloys.
Therefore, the signi�cance of AX centers on the dopability of
group V elements requires further investigation, taking into
account both the kinetic and thermodynamic aspects of AX
defect formation.

A remaining question is the identity of the dominant com-
pensating donor. Chatratin 2023[59] suggests thatVTe or
CdTe could be potential compensating donors, but they ex-
cludeCdint due to its high mobility. However, as shown in
Fig. 2, it is questionable whetherCdTe can become the domi-
nant compensating donor, as its formation energy is less fa-

(a) (b)

FIG. 9. Con�guration Coordinate Diagram ofAsTe (+1_AX/0) and
Cdint (+2/+1) in CdSe0.25Te0.75. As+Te with formation energy close to
the Boltzmann distribution at 300 K is selected as the excited state.
As0Te exhibits minimal dependence on the Se/Te arrangement, and the
choice ofAs0Te does not signi�cantly affect the results. In (b),Eopt
corresponds to the optical transition level.Q = 0 indicates interstitial
ground state positioned in a octahedra vacant site.Q � 30 indicates
interstitial ground state positioned in a tetrahedral vacant site.Cd+ 1

int
is favorable in octahedra site whileCd+ 2

int is favorable in tetrahedral
site.

TABLE IV. Arsenic Defect Formation Energy (eV) in CdSexTe1-x.
As+ 1

Te AX As+ 1
Te Td As0Te As� 1

Te (-1/0) Cdint + AsTe VTe+ AsTe
CdTe 1.92 1.93 1.94 2.07 0.13 0.16 2.34

CdSe0.25Te0.75 1.57� 1.79 1.89 1.93 2.11 0.18 0.09 2.42
CdSe0.50Te0.50 1.70� 1.87 1.84 1.87 2.19 0.31 0.06 2.42

TABLE V. Phosphorus Defect Formation Energy (eV) in
CdSexTe1-x.

P+ 1
Te AX P+ 1

Te Td P0
Te P� 1

Te (-1/0) Cdint + PTe VTe+ PTe
CdTe 2.04 2.10 1.93 2.04 0.11 0.20 2.51

CdSe0.25Te0.75 1.72� 1.94 2.08 2.05 2.09 0.04 0.08 2.46
CdSe0.50Te0.50 1.82� 2.01 2.10 2.07 2.13 0.06 0.05 2.45

vorable compared to the other two, particularly in Cd-rich
conditions where As and P doping is ef�cient[37]. Thus, we
lean towardsVTe andCdint as the likely dominating compen-
sating defects. Although the high mobility ofCdint might lead
to instability, we �nd thatCdint can bind withAs+ 1

Te or P+ 1
Te ,

formingCdint + AsTe or Cdint + PTe complexes due to electro-
static interaction, thereby increasing its stability. The forma-
tion energies of these complexes are relatively low, suggesting
they could be signi�cant in CdSeTe (Table IV, Table V). In
fact, CCT results indicate that over 80% ofCdint is in complex
form.

Recently,Kuciauskas et al.[25] investigated defects in Cd-
SeTe with As doping. Their spectral data revealed a defect
with an activation energy of 0.14 eV – 0.22 eV from the CBM
in undoped CdSeTe, which changes or disappears after As
doping. They speculated that this defect could beVTe. To
test this hypothesis, we calculated the formation energy and
transition levels ofVTe in a 25% CdSeTe alloy. From two typ-
ical con�gurations ofVTe, we found that the transition levels
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are 0.64� 0.66 eV for (0/+1) and 1.38� 1.41 eV for (+1/+2),
which do not support the assumption that the defect isVTe.

Furthermore, we investigated the defect-assisted optical
transition ofCdint using �rst-principles methods[60]. Intrigu-
ingly, from the CCD ofCdint in CdSe0.25Te0.75 shown in
Fig. 9b, the optical transition levelEopt of tetrahedral site in-
terstitial Cdint is approximately 1.12 eV from the VBM, or
0.23 eV to the CBM. This level aligns well with the photo-
luminescence (PL) signal detected byKuciauskas et al.[25]
[25]. The signi�cant binding betweenCdint andAs+ 1

Te could
explain why the PL signal disappears after As doping. These
calculations suggest that the change in the PL signal is likely
due toCdint rather thanVTe. However, it is important to note
that optical transitions may not be well described in DFT.
Time-dependent density functional theory (TDDFT)[61] can
be used to more accurately study the properties and dynamics
of optical transitions in the system.

C. Copper

Copper (Cu) is well-known for enhancing carrier den-
sity in CdTe solar cells, leading to higher power conversion
ef�ciency[62]. However, the doping instability of Cu and the
presence of a large number of compensating defects[63–65]
result in inferior ef�ciency and stability compared to group
V-doped counterparts[62, 64]. To explore the dopability of
Cu in CdSeTe, we calculated the formation energies of Cu
defects under Cd-rich and Te-rich conditions (Fig. 10). Four
dominant defects,CuCd, Cuint , CuCd+ Cdint andCuCd+ Cuint ,
along with the dominant intrinsic defects, are considered in
this study.

Our calculations show that the defect transition level of
CuCd (-1/0) in CdTe is 0.33 eV above the valence band max-
imum (VBM). Experimental results for this transition level
vary between 0.15 and 0.37 eV[54, 66–68], with our result
falling within the upper bound of this range, while HSE06
calculations suggest lower bound values around 0.20 eV[2].
Despite appearing deep in the gap, Cu can still act as an ef-
fective acceptor due to its relatively low formation energy, as
shown in Fig. 10d. In CdTe,Cuint andCdint emerge as domi-
nant compensating defects, with the Fermi level being pinned
around 0.3 eV, a signi�cant improvement over intrinsic CdTe
(Fig. 2d). However, as the Se ratio increases, the pinned level
shifts toward the conduction band minimum (CBM) (Fig. 10e,
Fig. 10f, Fig. 19b, Fig. 19c), rendering the system moren-
type. This shift suggests a decrease in the doping ef�ciency
of Cu in CdSeTe, which may account for the observed degra-
dation in net acceptor density in Cu-doped devices[64].

In conclusion, we believe that group V dopants hold more
promise than Cu in CdSeTe alloys. Apart from the doping ef�-
ciency challenges associated with Cu in CdSeTe, Cu implanta-
tion in CdTe typically necessitates a Te-rich environment[63,
69], which may lead to the introduction of more deep-level
traps, as illustrated in Fig. 2 Fig. 10. In contrast, group V
dopants generally favor a Cd-rich environment[37, 70], which
can enhance carrier lifetime in solar cells.

IV. CONCLUSIONS

In this study, we have undertaken a comprehensive inves-
tigation of intrinsic defects, copper, and group V dopants
in CdSeTe alloys using DFT calculations. Our tailored lo-
calized charge correction approach demonstrates its advan-
tage over traditional FNV correction methods, particularly
when applied to defects with delocalized charge or multiple
charge centers. Systematic evaluations reveal that our re�ned
methodology not only improves convergence characteristics
but also delivers results that are more consistent with exper-
imental data. Speci�cally, when analyzing defects such as
AsTe and PTe, the transition levels calculated by our method
show close agreement with experimental �ndings, underscor-
ing the enhanced accuracy and reliability of our proposed ap-
proach.

Within the CdSeTe framework, the formation energy of
point defects is noticeably in�uenced by the local spatial ar-
rangement of Se and Te atoms. This phenomenon is notably
evident in instances such as TeCd (+1, 0) and AsTe (+1, AX),
where the interplay of Se and Te positions exerts a pronounced
effect. Our investigation extends beyond the mere identi�ca-
tion of point defects to a deeper exploration of their intricate
relationships with the local atomic environment.

Our study provides insights into the effects of arsenic and
phosphorus defects on the electrical properties of CdSeTe al-
loy. We found that AX formation is more favorable in the
alloy due to the interaction of selenium and group V species,
which could potentially deteriorate the dopability of As/P in
CdSeTe alloy. Our �ndings could help guide the development
of new doping strategies for the fabrication of more ef�cient
solar cells based on CdSeTe alloy.

Overall, we believe that group V dopants hold more
promise than Cu in CdSeTe alloys, due to the doping ef�-
ciency challenges associated with Cu in CdSeTe and the po-
tential introduction of more deep-level traps in a Te-rich envi-
ronment. In contrast, group V dopants generally favor a Cd-
rich environment, which can enhance carrier lifetime in solar
cells.

In light of our �ndings, we conclude that optimizing the
doping strategy and understanding the defect dynamics in Cd-
SeTe are crucial for further improving the performance of op-
toelectronic devices based on this material. Future work will
focus on integrating advanced simulation techniques, such as
Lattice Monte Carlo simulations, continuum simulations and
device simulation, to achieve a more detailed understanding
of defect behavior in CdSeTe alloys and develop possible op-
timization strategy that could further enhance the ef�ciency
and stability of CdSeTe-based optoelectronic devices.
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Appendix A: Hubbard U Values Determination

The determination of the optimal U value for each material
remains a matter of debate because a U value is often optimal
for some calculated properties, but not all of them[18]. Here,
we systematically vary the U value and compare the calcu-

lated results with experimental data, such as bandgap, lattice
constant, and formation enthalpy. The comparison with other
methods is shown in Fig 11. The U value we chose (U=12.2
eV) show excellent agreement with the experimental bandgap
and lattice constant. As a crosscheck, the experimental forma-
tion enthalpy of CdTe is -1.30 eV[71], which is close to -1.28
eV obtained in this work. In addition, the good agreement be-
tween lattice constants and bandgap in both zinc blende and
wurtzite CdSe validates that this U value provides universal
local effect correction for Cd in CdTe, CdSe, and their alloys.

To provide more evidence that the problems of DFT arise
from the local effects that can be described by the U param-
eter, we compare the density of states (DOS) of CdTe using
GGA, GGA+U in Fig 12. Additionally, interband transition
energies at high symmetry points across different functionals
are compared with experimental results in Table VI. It can be
seen that our applied U value effectively corrects the DOS dis-
crepancies between GGA and experimental results, achieving
comparable outcomes to HSE and HSE+SOC.
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TABLE VI. Comparison of Interband Transition Energies Across Different Functionals and Experimental Data.
Interband TransitionGGA GGA+U (this work) HSE06[18] HSE+SOC[4] Experiment[72]

G(15v-1c) (eV) 0.8 1.5 1.5 1.5 1.6 (77K), 1.5 (300K)
G(15v-15c) (eV) 4.6 5.2 5.4 5.4 5.2
L (3v-1c) (eV) 2.6 3.2 3.4 3.4 3.5
X (5v-1c) (eV) 4.5 4.8 5.2 5.4 5.1

FIG. 11. Dependence of lattice parametera0 and bandgap onU of
different methods: standard DFT (U=0 eV) and GGA+U. The stars
represent the HSE06 values. The dashed lines represent the experi-
mental values.

Appendix B: Energy Cutoff Validation

The energy cutoff for the plane-wave basis set in this work
is set to be 450 eV. To ensure that this energy cutoff is rea-
sonable, we compared the energy difference between the bulk
CdTe supercell and the CdTe supercell with defects (such
as As� 1

Te and Te0
Cd) without correction across a range of en-

ergy cutoffs from 400 eV to 1000 eV. These comparison plots
shows that the error between large energy cutoff 1000 eV and
450 eV is within 17 meV (inTe0

Cd), con�rming (Fig 13) that
our chosen energy cutoff is appropriate.

Appendix C: Se Distribution Dependence in CdSeTe Alloy

Utilizing a supercell program [26], we generated 30 con�g-
urations for each alloy composition, prioritizing those with the
highest frequency of occurrence. In Table VII, we list the av-
erage values and standard deviations of bulk energy and lattice
constant of 25% and 50% CdSeTe alloy (30 con�gurations for
each). In Table VIII, we use a linear regression model to ex-
plore the relationship between the Se local arrangement and
bulk energy. The data consists of 66 points, with Se ratios
ranging from 0% to 50%. The small standard deviation values
and coef�cients in Table VIII imply that there is minimal Se-
Se interaction and negligible dependence of lattice constants
and bulk energy on Se arrangement.

(a)

(b)

FIG. 12. CdTe DOS comparison between GGA (a) and GGA+U (b).
The spin-up and spin-down DOS are depicted in (b). The difference
between spin-up and spin-down is minimal, resulting in almost over-
lapping DOS curves.

FIG. 13. Energy difference (Ebulk � Ede f ect) of defects (As� 1
Te and

Te0
Cd) without correction with energy cutoffs ranging from 400 eV

to 1000 eV.
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TABLE VII. Mean Values and Standard Deviation (s ) of CdSeTe
Alloy Bulk EnergyEbulk and Lattice Constantsa0.

Alloy Ebulk (eV) sbulk (eV) a0 (Å) s lat (Å)
CdSe0.25Te0.75 -44.25 0.048 6.34 0.003
CdSe0.50Te0.50 -47.84 0.039 6.21 0.013

TABLE VIII. CdSeTe Alloy Linear Regression Model: coef�cients
DE for each feature. All features are standardized before training.
For nearest neighbor counting features, the count is speci�c to Se
atoms. The training error is 0.1 meV while the testing error is 0.6
meV.

Feature DE (meV) Feature DE (meV)
Se ratio 57 1NN Se 8

(Se ratio)2 24 2NN Se 0:4
3NN Se 2 4NN Se 6

FIG. 14. Schematic ofTe0
Cd C3v defect con�guration. Te1 � Te5

is the long bond. In ideal lattice structure, the length ofTe� Cd
bond is 2.78 Å. InTe0

Cd, when one Te occupies Cd site, the length of
Te2� Te5 short bond is 2.95 Å, while the length ofTe1� Te5 long
bond is 3.76 Å.

TABLE IX. Fractional atomic coordinates ofTe0
Cd. In ideal lattice

structure, whereCd is not occupied byTe5, the coordinate of nearest
Te to thatCd site is (0.250, 0.250, 0.250).Cd site in ideal lattice
structure is chosen as reference (0, 0, 0).

Te1 (-0.253, 0.253, -0.253)Te2 (0.271, -0.271, -0.289)
Te3 (-0.289, -0.271, 0.271)Te4 (0.271, 0.289, 0.271)
Te5 (0.083, -0.083, 0.083)

TABLE X. Fractional atomic coordinates ofV0
Cd dimer.

Te1 (0.248, 0.248, 0.248)Te2 (0.246, -0.252, -0.252)
Te3 (-0.249, -0.258, 0.249)Te4 (-0.249, 0.249, -0.258)

Vacancy (0, 0, 0)

Appendix D: Atomic Coordinates of Selected Defects

The atomic coordinates and structures for some defects
with signi�cant local distortion in CdTe are provided, includ-
ing Te0

Cd (Fig. 14, Table IX),V0
Cd (Fig. 15, Table X),As+ 1

Te AX
(Fig. 17, Table XI) and(Cdint + AsTe)+ (Fig. 18, Table XII).

FIG. 15. Schematic ofV0
Cd D2d dimer defect con�guration. White re-

gion represents vacancy site.Te3� VacancyandTe4� Vacancyare
the long bonds. In ideal lattice structure, the length ofTe� Cd bond
is 2.78 Å. InV0

Cd, the length ofTe3� VacancyandTe4� Vacancy
are 2.81 Å, while the length of other two bonds are 2.78 Å and 2.79
Å, respectively.

FIG. 16. Schematic ofAs+ 1
Te Td defect con�guration. Blue arrows

indicate distortion direction when forming AX defect.

TABLE XI. Fractional atomic coordinates ofAs+ 1
Te AX. AsTe Td sym-

metry site in Fig. 16 is chosen as reference (0, 0, 0).
Te1 (0.409, -0.079, -0.409)Te2 (-0.003, 0.488, -0.519)
Te3 (0.519, 0.490, 0.003) Te4 (0.518, -0.572, 0.003)
Te5 (-0.004, -0.572, -0.518)Cd1 (0.220, 0.289, -0.219)
Cd2 (0.237, -0.302, -0.744)Cd3 (0.745, -0.303, -0.237)
Cd4 (-0.202, -0.280, 0.202)Cd5 (0.274, -0.280, 0.202)
As1 (0.110, -0.077, -0.110)

TABLE XII. Fractional atomic coordinates of(Cdint + AsTe)+ .
Te1 (0.009, 0.508, 0.507)Te2 (0.507, 0.018, 0.507)
Te3 (0.507, 0.508, 0.009)Cd1 (0.236, -0.245, 0.236)
Cd2 (0.236, 0.236, -0.247)Cd3 (-0.225, -0.225, -0.225)
Cd4 (-0.247, 0.236, 0.236)Cd5 (0.243, 0.246, 0.243)
As1 (0.014, 0.014, 0.014)


