©~Copyright 2025

Yijun Tong






Unveiling the Roles of Defects in Photovoltaic Materials through
Multiscale Modeling

Yijun Tong

A dissertation
submitted in partial fulfillment of the
requirements for the degree of

Doctor of Philosophy

University of Washington

2025

Reading Committee:
Scott T. Dunham, Chair
M.P. Anantram

Karl Bohringer

Program Authorized to Offer Degree:
Electrical and Computer Engineering






University of Washington

Abstract

Unveiling the Roles of Defects in Photovoltaic Materials through Multiscale Modeling

Yijun Tong

Chair of the Supervisory Committee:
Scott T. Dunham
Electrical and Computer Engineering

This dissertation develops an integrated multiscale modeling framework for photovoltaic
systems, encompassing halide perovskites, cadmium telluride (CdTe), and cadmium se-
lenide (CdSe)—based absorbers. By coupling first-principles density functional theory (DFT)
with continuum-scale device simulations, the approach enables quantitative prediction of
key electronic and optical properties, as well as the performance limits of complete solar
cell architectures. Atomistic DFT calculations provide accurate defect energetics, charge
transition levels, and carrier capture coefficients, which are seamlessly incorporated into
drift—diffusion device models to resolve carrier transport, recombination, and light—matter
interactions under realistic operating conditions. This multiscale methodology allows for
systematic evaluation of performance bottlenecks—such as radiative vs. nonradiative loss
pathways and loss of open-circuit voltage due to potential fluctuations—and supports the
targeted optimization of materials and device structures. The resulting predictive capa-
bility offers a transferable framework for guiding experimental design and accelerating the

development of next-generation high-efficiency, stable photovoltaic technologies.
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Chapter 1

INTRODUCTION

The solar cell market has expanded rapidly in recent years, driven by projected energy
demands and global efforts to achieve net-zero carbon emissions. While conventional pho-
tovoltaic technologies such as silicon (Si) and gallium arsenide (GaAs) solar cells achieve
high power conversion efficiencies, they require high-quality crystalline materials, which
substantially increase production costs. In contrast, thin-film solar cells offer higher defect
tolerance, a lower temperature coefficient, tunable bandgaps, a high absorption coefficient,
and reduced material costs. Among thin-film photovoltaic technologies, halide perovskites
and cadmium telluride (CdTe) have emerged as two of the most promising absorber ma-
terials, owing to their high power conversion efficiencies, tunable optoelectronic properties,

and compatibility with low-cost, scalable manufacturing processes.

Despite significant advances in thin-film photovoltaic research, device performance re-
mains well below the theoretical Shockley—Queisser limit. Carrier lifetimes are frequently
constrained by defect-assisted Shockley-Read-Hall (SRH) recombination, as well as recom-
bination at grain boundaries and interfaces, all of which degrade overall efficiency. Establish-
ing a detailed understanding of how manufacturing processes influence these recombination
pathways requires rigorous understanding of materials and device modeling. Multiscale
simulations provide critical insights into the coupling between material properties, device
architecture, and operational performance, thereby enabling the systematic optimization of

thin-film solar cell technologies.

For the systems examined in this work—namely halide perovskites and cadmium tel-
luride (CdTe)—the understanding of material properties, particularly defect physics, and

the availability of comprehensive device models remain incomplete. This gap arises in part



from the complexity of intrinsic point defects and extrinsic dopants in compound semicon-
ductors. As a result, many existing device models rely on simplified parameters such as
effective carrier lifetime and equilibrium carrier density, which fail to capture the detailed
links between material properties and device behavior. In this dissertation, multiscale mod-
eling is employed by coupling first-principles ab initio quantum-mechanical calculations
with device-level simulations. This integrated approach enables quantitative evaluation of
how specific material characteristics and alternative device architectures influence photo-

voltaic performance, thereby guiding strategies for device optimization.

In Chapter 2, the background on selected photovoltaic materials is presented, followed by
the methodology employed in this work, including density functional theory (DFT), defect
modeling, finite-size charged cell correction and device simulation. Advanced semiconduc-
tor concepts including defect chemical reaction and detailed balance of multilevel defect

recombination are also introduced.

In Chapter 3, intrinsic defects in inorganic halide perovskites are systematically inves-
tigated using first-principles calculations. Defect formation energies and thermodynamic
transition levels are evaluated to identify potential deep-level traps. Nonradiative recom-
bination rates are then computed using a theoretical framework based on Fermi’s golden
rule, enabling verification of whether these deep-level defects act as strong carrier capture
centers. The self-doping phenomenon is also examined using information extracted from the
calculated profiles of defect formation energy as a function of the Fermi level. Futhermore,

the role of interface passivation is investigated in 3D-2D structured perovskite.

In Chapter 4, density functional theory (DFT) calculations are integrated with device
simulations to develop a predictive TCAD model for CdTe/CdSeTe solar cells. First, DF'T
is employed to determine the formation energies and diffusion barriers of dominant defects
in CdTe/CdSeTe. Using a first-principles—based approach, defect capture cross sections are
estimated and combined with calculated defect profiles and trap energy levels to parame-

terize a Shockley—Read-Hall (SRH) recombination model. This parameterized SRH model



is then implemented into a device simulator to predict carrier lifetimes and overall device
performance. Through this coupling of atomistic and continuum modeling, a robust TCAD
framework is established to guide performance optimization of CdTe/CdSeTe solar cells.
Furthermore, the impact of potential fluctuation on the open-circuit voltage deficiency in
this system is investigated through the built and well-calibrated TCAD model.

In Chapter 5, selenium vacancies in CdSe are investigated using the developed theoret-
ical framework, providing insights into experimental observations obtained by our collabo-
rators. DFT is employed to identify the metastable configuration of the neutral selenium
vacancy through a constructed configuration—coordinate diagram. The relevant parameters
extracted from this diagram are then incorporated into continuum simulations based on a
multilevel trap model, enabling quantitative analysis of the impact of selenium vacancies

on carrier dynamics.



Chapter 2

BACKGROUND

2.1 Photovoltaic Materials in this Study

2.1.1 CdTe/CdSeTe

CdTe is a direct bandgap semiconductor characterized by its high absorption coefficient,
capable of absorbing approximately 92% of visible light within a film thickness of merely
1pm [57]. Recent advancements have pushed the power conversion efficiency of CdTe-based
devices to 22.3% [60]. Following decades of research and development, p-type polycrys-
talline CdTe systems treated with CdCly have become the industry standard. Additionally,
alloying CdTe with selenium (Se) forms the ternary compound cadmium selenium telluride
(CdSeTe), which possesses a reduced and compositionally tunable direct bandgap [65]. By
varying the Se content, the optical bandgap of CdSeTe can be engineered to optimize de-
vice performance. Notably, introducing a front-side graded CdSeTe region in CdTe solar
cells has been shown to enhance the short-circuit current density (Js.) by improving the
absorption of long-wavelength photons.

P-type doping of CdTe and CdSeTe can be realized using Group V elements such as
phosphorus (P), arsenic (As), and antimony (Sb) and copper doping, which substitute on
Te/Se sites and contribute to increased hole concentrations and enhanced photovoltaic effi-
ciency [37, 62]. However, the interaction between these extrinsic dopants and intrinsic point
defects remains insufficiently understood, particularly as the selenium content varies in Cd-
SeTe alloys. First-principles calculations based on density functional theory (DFT) provide
a powerful framework for elucidating these complex defect—dopant interactions at the atomic
scale [10]. In parallel, the development of a robust TCAD (Technology Computer-Aided

Design) model is essential for simulating and optimizing device-level performance. This



thesis integrates both DFT and TCAD approaches to investigate the material properties

and device behavior of CdTe/CdSeTe systems in a comprehensive manner.

Figure 2.1: Unit cell of zinc blende CdTe

2.1.2 (dSe

With a bandgap of approximately 1.7 eV, CdSe is a near-ideal candidate for the high-
bandgap top junction in tandem solar cell architectures. However, despite its favorable
optical properties, CdSe-based solar cells have not yet achieved the performance levels re-
quired for tandem integration, largely due to limitations in minority carrier lifetime and
elevated recombination losses [52, 101]. In photovoltaic applications, CdSe typically crys-
tallizes in the hexagonal wurtzite phase when synthesized under moderate-temperature and
low-pressure conditions, distinct from the cubic zincblende phase commonly stabilized in
epitaxial or nanocrystalline forms. This differentiates it both structurally and electronically
from the zincblende-phase CdTe used in mainstream thin-film solar cells. Renewed inter-
est in CdSe has emerged in the context of all-thin-film tandems, where understanding and

optimizing defect properties remain critical barriers to practical deployment.
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Figure 2.2: Unit cell of wurtzite CdSe

2.1.8 Perovskites

Hybrid organic—inorganic halide perovskites with the general formula ABX3, exemplified by
methylammonium (MA, CH3NHj3) lead/tin iodide (MAPbI3/MASnI3), and often alloyed
with formamidinium (FA, CH[NHj]2) and/or cesium (Cs) at the A-site, have garnered
significant interest in recent years for photovoltaic (PV) applications [85]. This interest
stems from their high power conversion efficiencies (exceeding 25%) [32] and compatibility
with low-cost solution-based fabrication techniques [6]. Beyond photovoltaics, perovskite
materials also show promise in light-emitting diodes (LEDs) [55] and photodetectors [86].
Nevertheless, the widespread application of hybrid organic-inorganic perovskites is limited
by their susceptibility to degradation under environmental conditions such as humidity
and oxygen exposure [12]. To address these stability concerns, all-inorganic halide per-
ovskites—such as CsPbls and CsSnls—have emerged as promising alternatives, offering
comparable optoelectronic properties alongside improved environmental robustness [87].

A thorough understanding of native defects and impurities is essential for controlling
doping levels and carrier lifetimes in halide perovskite-based devices. First-principles studies

based on density functional theory (DFT) have been widely employed to investigate the



properties of native defects in these materials. However, there remains no standardized
computational protocol that consistently yields reliable results and conclusions [99, 107].
Prior studies emphasize the importance of incorporating spin—orbital coupling (SOC) effects
for accurately predicting key material properties such as bandgap values [63]. Nevertheless,
the inclusion of SOC within hybrid functional calculations imposes significant computational
costs, often restricting defect simulations to relatively small supercells. In addition, finite-
size corrections for charged defects are sometimes omitted without explicit justification
[63, 100]. Therefore, there is a pressing need for a reliable and computationally efficient
DFT framework that can accurately reproduce experimental bandgaps while remaining

suitable for large-scale defect studies.

Figure 2.3: Unit cell of orthorhombic CsPbls



2.2 DMethodology

2.2.1 Density Functional Theory (DFT)

Density functional theory provides a computationally efficient way to investigate the elec-
tronic and atomic structure of many-body systems quantum mechanically, such as molecules
and condensed phases. According to the Hohenberg-Kohn theorem [24], the ground state
properties of a N-electron many-body system can be determined by functionals of the spa-

tially dependent electron density

(i) = N/d37?2 S /d3FN\IJ*(f’,F2,...,FN)\I/(F,FQ,---,FN) (2.1)

where W is the electronic many-body wave function of this system. Instead of solving the
full Schrodinger equation for W, the ground state energy can be determined by minimizing
the energy functional E[n|. In practice, this process is realized by introducing an auxiliary
non-interacting system {¢1, ¢2, ..., on} and self-consistently solving the set of Kohn-Sham
equations [33]

(2 Vi 7) + Vil (9] + Vil (9]} = e (2:2)

where Vo, Vg and V.. are the external potential caused by the ion-electron interaction,
the Hartree potential caused by the electron-electron Coulomb repulsion and the exchange-
correlation potential caused by the many-particle interaction, respectively. The electron

density reconstructed by this auxiliary non-interacting system is

N
n(?) =Y o™ (2.3)
i=1
and the total energy is
N

Eiot = z; € — Epc[n(r)] (2.4)



where Epc is the double counting term that should be subtracted from the summation of

the eigen-energies of the auxiliary non-interacting system.

In this thesis, the Vienna Ab-initio Simulation Package (VASP) software package [40, 41]
is used for DFT calculations. Wave functions are expanded using the plane-wave basis set,
and the projector-augmented wave method (PAW) is implemented for enhanced computa-

tional efficiency.

Density functional theory (DFT) has become the most widely used first-principles method
for studying the electronic structure of solids. In its standard local density approximation
(LDA) or generalized gradient approximation (GGA), DFT provides an efficient description
of bonding and ground-state properties for a wide variety of materials [26]. However, these
semilocal exchange—correlation functionals systematically underestimate band gaps and of-
ten fail to capture the physics of systems containing localized d or f electrons. The main
limitation arises from the self-interaction error and the tendency of LDA /GGA to artificially

delocalize electrons in partially filled, strongly correlated orbitals.

To address this issue, the so-called DFT+U method was introduced. The approach sup-
plements the conventional DFT functional with an additional Hubbard-like on-site Coulomb
term that penalizes partial occupancies of localized states. In practice, DFT+U corrects
the electronic structure by driving orbital occupations toward integer values and restoring

a more realistic degree of electron localization.

Several formulations of the DFT+U correction exist. The most widely employed is the
rotationally invariant scheme proposed by Dudarev et al. [14], which introduces an effective
interaction parameter U,y = U — J, combining the on-site Coulomb interaction U and
Hund’s exchange J. Alternative formulations, such as the Liechtenstein approach, treat U
and J explicitly [53]. In all cases, an additional double-counting correction must be included

to avoid repeating electron—electron interactions already accounted for at the DFT level.

Despite its empirical nature, DFT+U has been highly successful in improving band

gaps, magnetic moments, and structural properties of correlated materials at a modest
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computational cost compared to hybrid functionals or many-body methods. Nevertheless,
the approach is not parameter-free: the numerical value of U depends on the choice of
localized orbital basis, the pseudopotential or projector scheme, and the implementation
details of the code. As a result, U values are generally not transferable across different
materials or software packages, and they are often determined either by linear-response
calculations, constrained random phase approximation (cRPA), or by fitting to experimental

data.

In this thesis, DFT+U is extensively applied in both halide perovskites and chalco-
genides, which not only provides satisfactory benchmarking for materials parameters, but

also reduces the cost of computational resources drastically.

2.2.1.1 Defect Calculation using DFT

Defect formation energies (DFE) can be derived according to the following equations using

the results from DFT calculations based on the supercell method [17]:

DFE[XY] = E[X1] — Eyux — Zinipti + q(evp + €r) + B, (2.5)

where E[X1] is the energy of the supercell with defect X in charge state q, Epyy is the
energy of the pristine supercell, n and p are respectively the number and chemical potential
of atoms added to or subtracted from the bulk supercell, ey p is the energy of the valence
band maximum (VBM), and e is the position of the Fermi level with respect to VBM. Edyy,
is the charged-cell correction to DFE due to the interaction of localized defect charge in a
finite-size supercell with its periodic images, which is typically calculated in the Freysoldt,
Neugebauer and Van de Walle (FNV) correction scheme [18]. The defect thermodynamic

transition levels can be calculated as:

E[Xq] — E[Xq/] + Egorr - Egcl)rr

/
e(q/q) =
a/4) q —q q —q

—€vB (2.6)
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which identify the position of fermi level for charge state transitions.

ONNORNO,
ORNORKOC, ®
ONNORNO,

env env

Figure 2.4: Simulation scheme for defect in DFT under periodic boundary condition. In
order to simulate an isolated single defect, finite-size correction for spurious interaction
between defect images is needed.

2.2.1.2 Finite-size Charged-cell Correction

As shown in Fig. 2.4, DFT simulation of defect under the periodic boundary condition
introduces spurious interaction between the simulated defect and its images. As a result,
the raw data of defect formation energies from DFT need correction.

In DFT calculations, a defect with charge ¢ is represented as a localized charge distri-
bution of magnitude ¢ along with a uniform compensating jellium background of charge
density —q/Q, where 2 is the supercell volume. This setup introduces spurious electrostatic
interactions—not only between periodic images of the localized charge, but also between
the localized charge and the jellium background in neighboring image cells—which must be
corrected for accurate defect energetics. The Freysoldt—Neugebauer—Van de Walle (FNV)
approach is particularly well-suited for correcting the energies of charged defects in a di-
electric medium. In this scheme, the DFT-calculated electrostatic potential is explicitly
utilized to construct a more accurate model of the defect-induced electrostatics. The total

correction to the defect formation energy is then expressed as

Ecorr = Ejat — qX/q/O (27)
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where Ej,; corresponds to the correction energy for a model charge distribution. For a point
charge model

2

Elat == ﬁ (28)

where « is the Madelung constant, which depends on the Bravais lattice. The potential
alignment term ¢V /o is obtained by comparing the electrostatic potential from the model
charge distribution with the difference between the DFT-calculated potentials of the charged

defect supercell and the corresponding bulk supercell

Voo = (VP = Vil far = V"% | far (2.9)

, and can be shown that this term essentially represents the correction for the interaction
between the model charge and the compensating jellium background from the periodic
images in other supercells. The extended FNV method, also called as the Kumagai method,
uses the atomic site potential as a potential marker instead of using the planar-averaged

electrostatic potential for determining the potential offset [48].

Although Ej,; is largely insensitive to the choice of the charge model—since the inter-
action between the defect and its periodic images is dominated by the long-range Coulomb
potential 1/er—a significant issue encountered in this study is that, for a defect X9, the
appropriate charge to use in the correction is not always the formal charge ¢. In fact, Oba et
al. have shown for defects in zinc oxide ZnO that, rather than the formal charge ¢, should
be determined for finite-size corrections by examining the specific electronic and structural
characteristics of the defect [68]. Specifically, when the formal charges ¢ were used in the
correction, the calculated formation energies for defects such as Zn? and Zn% failed to
converge as the supercell size was extrapolated toward the infinite limit. Instead, using a
corrected charge ¢. = 42 for Z n,? and Z n% gave satisfactory convergence leading to a good
linear L~ dependence. This phenomenon is attributed to the fact that the two additional

electrons, relative to the nominally charged defects Z n?+ and Z n20+, occupy extended states
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at the conduction band minimum (CBM) rather than localized in-gap defect states. Con-
sequently, these electrons do not effectively screen the 42 core charges, and the long-range
electrostatic behavior of the nominally neutral defects remains essentially identical to that
of their 42 charged counterparts. A similar behavior has been reported for the neutral
defects in InP [8].

In this thesis, the electronic characteristics of charged defects obtained from DFT calcula-
tions are systematically examined. The density-derived electrostatic and chemical (DDEC)
method [54, 83] is employed to determine the net atomic charges (NACs) of all atoms in
the lattice, including impurities and defect sites. This analysis provides a direct measure of
charge localization and is particularly useful for identifying the appropriate correction charge
ge. For example, the NAC distributions of Zn? and Zn?Jr are nearly identical, confirming
that the two additional electrons in Z n? are delocalized rather than localized on the defect
site. Such cases illustrate why using nominal charges ¢ in the Freysoldt—Neugebauer—Van
de Walle (FNV) correction scheme can lead to substantial errors: partial localization or
delocalization of charges may cause FE., to be over- or underestimated. To address this
limitation, a modified correction scheme is adopted here, in which NACs from the DDEC
method are used as the starting point to quantify charge localization and apply physically
justified, reliable corrections to defect formation energies.

Following the DDEC analysis, the net atomic charges gnac associated with each de-
fect are obtained. However, it is noted that gnac represents the dielectrically screened
charge distribution, rather than the fully localized unscreened charge required for the
Freysoldt—Neugebauer—Van de Walle (FNV) correction. To estimate the appropriate un-
screened localized charge, a scaling factor k is introduced. This factor is carefully calibrated
to account for the dielectric screening that may be implicitly included in the DDEC-derived
charges but absent in the FNV model. The product of gnac and the scaling factor k is then

treated as the effective localized charge qjo. used in the FNV correction scheme,

Qoc = k * qnac- (2.10)
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Conceptually, the scaling factor k, defined as the ratio between the original localized
charge and the net atomic charge (NAC) after dielectric screening, is determined by the
dielectric properties of the host material. In practice, the scaling factor k£ can be determined
using one of two approaches. In the first approach, defects known to be fully localized are
selected, allowing the nominal defect charge to be equated with the localized charge gioc.
Under this condition, the value of k can be directly calculated. However, this method is
often impractical, as it requires prior knowledge of the extent of charge localization, which

is not always available.

As an alternative, the second approach involves systematically varying the supercell size
and tuning the value of k to achieve convergence of the defect formation energy across
different supercell dimensions. For both methods, it is recommended that defects with
relatively large values of gnac be selected, since these yield larger correction terms and
thereby reduce the relative uncertainty in the evaluation of k. This strategy ensures that
the derived scaling factors are both meaningful and effective in improving the accuracy of

the charge correction process.

As an illustrative case, the methodology described above is applied to the study of defects
in CdTe. The defect system selected as a reference for determining the scaling factor k is
T eg 4> Which is found to exhibit localized deep Kohn—Sham levels within the bandgap. As
will be shown in a later section, both the (0/+1) and (4+1/+42) charge transition levels
associated with this defect lie deep within the bandgap and are characterized by large
carrier capture cross sections, consistent with prior theoretical studies [39]. By applying the
supercell extrapolation method described previously, a k value of 3.5 is obtained for CdTe.
Specifically, 64-atom, 216-atom and 512-atom supercells are constructed for calculation of
defect formation energies. This obtained k value is subsequently validated by applying it

to other charged defects.

As demonstrated by the examples in Fig. 2.5, the effectiveness of the proposed charge

correction method in addressing the limitations of the traditional FNV approach is evident.
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Figure 2.5: Defect formation energies vs. inversed supercell size for (a) As%;l, (b)
(Cdiny + Aste)T and (c) Cuj 2. All defect structures are relaxed with fixed lattice parame-
ters. The quantity shown on the z-axis represents the inverse of the linear dimension of the
corresponding cubic CdTe supercell.

In addition to this improvement, several critical observations warrant further discussion:

e Nominally neutral defects with ¢ = 0, such as As}, shown in Fig. 2.5a, may effectively
behave as charged defects accompanied by a delocalized electron or hole, and therefore

still require finite-size corrections. Specifically, AsOTe can be approximated as As%e1
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with a missing electron (i.e., an additional hole) residing at the valence band maximum
(VBM). Since such delocalized carriers are unable to fully screen the localized defect
charge, residual spurious Coulomb interactions can persist even in nominally neutral
systems. This phenomenon has also been noted in previous studies [68]. By applying
the charge correction method introduced in this section, the (0/-1) transition level
of Asre is corrected to lie 0.13 eV above the VBM, resulting in improved agreement

with experimental observations [67].

e For charged defects with partially localized charge distributions, the proposed method
effectively accounts for the discrepancy between the localized charge gjo. and the nom-
inal charge ¢q. This approach mitigates the risk of overcorrection commonly observed
when applying the traditional FNV scheme. The accuracy of the method is vali-
dated by the consistent defect formation energies obtained for Cui,t across supercells

containing 64, 216, and 512 atoms, as illustrated in Fig. 2.5c¢.

For many intrinsic defects in relatively ionic compounds, such as zinc interstitials in ZnO
and tin vacancies in CsSnls, it is often found that the the correction charges are effectively
the same across different charge states of a given defect. As mentioned above, Zn? basically
behaves as Z n;FQ with two delocalized CB-like electrons. Similarly, VSOn in CsSnls behaves as
VS_n2 with two VB-like holes. Use nominal charge ¢ for correction will result in overestimation
of how deep the transition levels are in the bandgap for these type of defects. For highly
localized defects, such as Asi} in CdTe shown in Fig. 2.5a, the results obtained using
the proposed correction method are found to be consistent with those from the traditional
FNV approach, indicating minimal discrepancy. These findings show the robustness of the
developed finite-size correction scheme, which not only reproduces established results for
well-localized defects but also extends applicability to more complex cases involving partial

charge delocalization—thereby overcoming key limitations of existing methods.
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Figure 2.6: Representation of carrier capture at a defect: (a) band diagram and (b) config-
uration coordinate diagram. The defect in the diagram is a deep acceptor with a negative
and a neutral charge state. AF is the ionization energy of the defect, and @ is a properly
selected configuration coordinate. In (b), step(1) is the change of the electronic state due
to electron-phonon coupling (nonradiative) and step(2) is the vibration relaxation due to
phonon-phonon interactions.

2.2.1.83 Defect-assisted Non-radiative Recombination

Both radiative and non-radiative recombinations exist in semiconductor materials. Radia-
tive recombination is the process in which an electron in the conduction band recombines
with a hole in the valence band by emitting a photon, which is intrinsic and inevitable. On
the other hand, non-radiative recombination mechanisms, including Auger and Schockley-
Read-Hall (SRH) recombination, can further degrade the carrier lifetime and device perfor-
mance. In this section, we mainly focus on the defect-assisted SRH recombination process
and show how to calculate the corresponding recombination rates using DFT from first-

principles.

Defect-assisted SRH recombination process can be understood by the configuration co-
ordinate diagram (CCD), as shown in Fig. 2.6. The red and blue curves in Fig. 2.6b
represent the energy dispersion of charge state A~ and A with respect to the change of
their atomic coordinates, respectively. The difference in energy minimum of the two curves

correspond to the (0/-) transition level. Due to the different structural relaxation of A~
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and A, their equilibrium positions are differed by

AQ = \/Z ma(RL — Ri)? (2.11)

where mq, Rl and R, are the mass, final and initial Cartesian coordinates of atom « in the
defective supercell, respectively. The process of A~ capturing a hold from the valence band
can be divided into two steps: (1) the transition of charge state from A~ to A° facilitated
by the electron-phonon coupling and (2) the relaxation of atomic structures for A due to
emission of phonons. The non-radiative carrier-capture coefficients can be calculated by

Fermi’s gold rule:

2m A
Cujp =S5 9VWir D wm Y | (ximlQ = Qolxpn) [ ¥ 8(AE +mhgl; —nhiQy)  (2.12)

where i, and X, are the wavefunctions of the m'" and n** phononic wave functions in
the initial i and final f states. V is the supercell volume, g is the configurational degeneracy
and W;s is the electron-phonon overlap. wy, is the probability of thermal occupation of
the m*" phonon state, and €;/Q ¢ are the inital/final phonon frequencies. The anharmonic
potential energy surfaces (PES) in CCDs are constructed by linearly interpolating between
the equilibrium structures of A~ to A%, and then used for obtaining the phonon frequencies
as well as the phonon wave functions by solving the one-dimensional Schrodinger equations.
The NONRAD package combined with VASP are applied for realizing the calculation scheme

shown above.

Once the non-radiative carrier-capture coefficients are calculated, the SRH recombina-
tion rate can be estimated by the following equation:
2

SRH __ np — ni
R o Tp [n + nie(Ethi)/kBT] + 7, [p + nie(Ei*Et)/kBT] (213)
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in which n and p are electron and hole concentrations, n; is the intrinsic carrier concen-
tration, Ey is the thermodynamic transition level of a pair of charge states (e.g. A~/A%),

and

1 1
= Tn = S~ >
G, CuN,

Tp (2.14)

are the hole and electron lifetimes, respectively. The trap density V; is defined as the sum
of the concentrations of both charged defects involved. The resulting calculated Rgrp can

be used to identify deep carrier traps and serve as input parameters in the TCAD model.

2.2.1.4 Defect Diffusion Migration Barrier

Figure 2.7: Nudged elastic band method for finding diffusion barrier.

The migration energy barrier is a critical parameter for quantifying defect diffusivity
in semiconductors. To determine this barrier from first principles, the nudged elastic band
(NEB) method is commonly employed [22], as it enables the calculation of the minimum
energy path between fixed initial and final atomic configurations. The migration barriers
obtained from NEB calculations also provide essential input parameters for the process
simulation component of our TCAD model, facilitating a more accurate prediction of defect

dynamics and their impact on device performance.
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2.2.2  Continuum Modeling
2.2.2.1 Process Simulation

Process simulation as implemented in Sentaurus Sprocess is used to study the distribution
of defects under situations away from equilibrium, such as thermal annealing in the manu-
facturing process and transient process under illumination. The transport and reaction of

defects are described by the continuity equations. Based on Fick’s first law

J =—DVC — CuvU, (2.15)

the flux of defects is composed of the diffusion term which is proportional to the concentra-
tion gradient VC, and the drift term which is proportional to the electrochemical potential
gradient VU. D is the diffusivity and p is the mobility. On the other hand, Poisson’s

equation relates the electric potential ¢ and net charge density p by

vy =2 (2.16)

€

pzp—n—i—ZziNgi - szNZj (2.17)
i J

where p is the hole density, n is the electron density, Ng is the density of ionized donors
and N is the density of ionized acceptors. z; is the charge state of donor Ngi and z; is the
charge state of acceptor N;j. € is the dielectric constant of the host material. In order to
also incorporate the reaction between defects, a modification of Fick’s second law (describing
the rate of change of defect concentration C,) is implemented by adding a reaction-driven

term

0Cy ==V T, = > nuR (2.18)
l

in which 7,; denotes the number of defects v consumed by reaction [ and R; is the associated

reaction rate
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n 1 p h m
Ri=ks |[] Ca— = <m> II¢s (2.19)
a=1 B=1

where {C,} and {Cg} are the sets of reactant and product concentrations, respectively. The

equilibrium constant K is calculated from the difference in formation energies AElf

0
K = T«ml—n e~ AF] /T (2.20)
S

using the concentration of possible defect sites Cs and the entropy coefficient 6; as well. In

Eq (2.19), ks denotes the forward reaction coefficient, which has different form for defect-

defect reaction

kg =d4rr> Do (2.21)

and the ionization process

k= Chp (2.22)

In Eq (2.21), ky is evaluated using the interaction radius r and the summation of the
diffusivities of reactants. By contrast, as shown in Eq (2.22), k; for the ionization process
is simply the carrier-capture coefficient as introduced in Section 2.2.1.3.

The diffusivity D, can be calculated based on the random walk formalism on a sublattice

Em
Dy = gz\?vexp(— =) (2.23)

where g is a geometric factor determined by the dimensionality of the crystal lattice, z is
the coordination number of the atomic sites in the lattice. A is the nearest neighbor hopping
distance, which represents the distance between neighboring defect sites which involved in
diffusion. v is the attempt frequency. E,, is the migration barrier energy introduced in

Section (2.2.1.4) calculated by the NEB method.
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2.2.2.2 Detailed Balance of Multilevel Defect Recombination

Traditionally, experimentally measured carrier lifetimes are used directly as inputs for device
simulations. However, this approach becomes inadequate when defects possess more than
two charge states and, consequently, multiple transition levels. In contrast to a single defect
level, the occupancy of such coupled levels depends on the Fermi level position, doping
concentration, and injection level. Under these conditions, recombination behavior must
instead be described using the multilevel defect recombination model, originally developed

by Sah and Shockley [76].

As an illustrative example, consider a defect X that can exist in three charge states: neu-
tral, +1, and +2. In this case, four possible ionization processes can occur, each associated

with a corresponding reaction rate:

X em = XT Rl =k (C*"'n — CTny) (2.24)
Xt 4+ ht — X2 R2 = ky(Ctp— C*Tpy) (2.25)
Xt e — XY R3 = k3(CTn — C%ny) (2.26)
X0+ pt - X*F R4 = k4(C% — CFpy) (2.27)

ki =vinoly 9 ko= Vth"il/ﬂ (2.28)

e h
ks = Vth041 /0 ky = Vih0g/ 41

where 14, denotes the thermal velocity, and ¢ represents the carrier capture cross section

for each charge transition process. C? is the defect density in charge state q. The remaining
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parameters can be expressed as functions of the Fermi level and the trap transition levels.:

n = N.exp <EF’7;€;EC> (2.29)
p = Nyexp <E;f”> (2.30)
ny = N.exp (E“ap]jT_ Ec) (2.31)
ny = N,exp <E“ap]fT Ee (2.32)
p1 = Ny exp <_Etra]i’1£ * EU) (2.33)
p2 = Ny exp <_Etra]z’; i EU) (2.34)

Given the rates of the relevant ionization processes, the time derivatives of the defect
densities can be explicitly expressed. Under steady-state conditions, densities remain un-

changed and these time derivatives are set to zero.

0
ﬂ =R3— R4
dt (2.35)
= ]{;3(C+n — COTLQ) - k4(Cop - C+p2) =0
+
%:R2—R1—R3+R4
= ki (C*"'n— Cny) — ko (CTp — C* ) (2.36)
— k3(CTn — C%s) + ka(COp — CTpa) =0
2+
dc = R2 - R1
dt (2.37)

= kQ(Cer — Cz+p1) — k1(02+n — C+n1) =0
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which result in the ratio between densities of charge states

ct _ ksng + kyap

i — Kt1/0 2.38
CO  ksn + kypo ( )

C*  kop+ king
= = K12/ 2.39
Ct  kop1 + kin (2:39)
2+ k k k k
CO _ (kap + kama) (kang + kap) Fo2/0 (2.40)
¢ (kap1 + kin)(ksn + kapo)
and with the frozen-in approximation usually applied,
C% 4 O + C* = O (Total Defect Density) (2.41)

all the defect charge state densities can then be fully determined.

Schematic of the multilevel defect recombination is shown in Fig. 2.8. The total SRH
recombination rate should be the summation of two components if the two transition levels

are not coupled [78]

Ryt = R + REZTL (2.42)
where within Ri?fé and Ri];/fil the trap densities for calculating carrier lifetimes are cor-
respondingly

N0 = ot 4 o0 (2.43)
N = o g ot (2.44)

Under illumination, injected carriers lead to a redistribution of defect charge-state den-
sities, often deviating substantially from their thermal-equilibrium values. Consequently,
the carrier capture lifetimes and the SRH recombination rate are not fixed quantities, but
instead depend on factors such as the injection level and the position of the Fermi level.
This model is implemented in the Sentaurus TCAD simulation using the Physical Model
Interface (PMI).
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Figure 2.8: Schematic of multilevel defect recombination. 'T” represents trap transition
levels. The trap in the figure has 0/41/42 charge states. R1~R4 are capture and emission
rate under steady state in SRH recombination.

2.2.2.3 Device Sitmulation

Device simulations, implemented using Sentaurus SDevice [82], are employed to describe
carrier transport and recombination processes throughout the device, thereby enabling the
prediction of its optical and electrical characteristics. The underlying models are based
on Poisson’s equation and the carrier continuity equations. Poisson’s equation is used to
determine the spatial distribution of the electrostatic potential within the device, while the

continuity equations are solved to obtain the carrier concentrations:

M=V ula+ (@ R) (2.45)
@—V-'/—I—(G—R) (2.46)
ot Ip/ 4 .

where j, and j, denote electron and hole current densities, G and R represent the carrier
generation and recombination rate, respectively. Drift and diffusion of carriers can be

described by:
on

o (2.47)

Jn = qunne + qDy
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. 0
Jp = qUpDE — an£ (2.48)

where p,, and p, are electron and hole mobility, D,, and D,, are diffusivities of electron and
hole, and ¢ is the electric field derived from Poisson’s equation.

Process simulations are used to determine the spatial distribution of doping concentra-
tions and defect densities within the device. These outputs are subsequently incorporated
into the device simulator. Shallow-level defects are treated as dopants using the Incomplete
Tonization model, whereas deep-level defects are represented within the Shockley—Read—Hall
(SRH) recombination framework to capture carriers. The capture cross sections for these
defects are calculated using the procedure described in Section 2.2.1.3. The Physical Model
Interface is employed to seamlessly integrate process simulation data with the device sim-
ulator and to account for variations in defect transition levels arising from differences in
material properties.

Another key component of device simulation is optical modeling, which is essential for
accurately predicting the performance of optoelectronic devices such as solar cells. The
optical simulator computes light propagation through each device layer and determines
both the spectral absorption profile and the resulting carrier generation rate, G, as defined
in Eq. 2.45 and Eq. 2.46. The quantum yield model is used to quantify the fraction of
absorbed photons that generate electron—hole pairs. In this approach, the quantum yield is
set to unity when the photon energy is greater than or equal to the material bandgap, E,
and to zero otherwise.

In this work, the transfer-matrix method (TMM) [82] is employed to simulate optical
generation in CdSeTe solar cells. The ElementWise option is enabled to account for spatial
variations in material properties within the device. The complex refractive index and other
wavelength-dependent optical parameters are obtained from reported experimental datasets.
The simulated results exhibit excellent agreement with experimental measurements, thereby

validating the accuracy and reliability of this optical modeling approach.
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Chapter 3

FIRST-PRINCIPLES STUDY OF POINT DEFECTS IN INORGANIC
HALIDE PEROVSKITES

Inorganic halide perovskites have emerged as promising candidates for optoelectronic
applications due to their enhanced environmental stability compared to their hybrid coun-
terparts. However, the presence of point defects in these materials can critically influence
carrier concentrations and recombination lifetimes, thereby limiting device performance. A
comprehensive understanding of the formation and electronic properties of these defects is

therefore essential for optimizing material quality and functionality.

In this chapter, generalized gradient approximation with Hubbard U correction (GGA+U)
and spin—orbit coupling (SOC) is employed to investigate native point defects in CsPblg
and CsSnls. Defect formation energies and evaluate non-radiative recombination rates for
selected deep-level defects are calculated using first-principles methodologies. Notably, the
results reveal that iodine interstitials in CsPbls and tin interstitials in CsSnlg exhibit par-
ticularly high non-radiative carrier capture rates, suggesting their significant role in limiting
carrier lifetime. Furthermore, it is demonstrated that accurate defect energetics and atomic
relaxations are only attainable when sufficiently large supercells are used, due to long-range
defect-induced lattice distortions. This study not only identifies critical non-radiative re-
combination pathways associated with interstitial defects, but also underscores the necessity

of using large supercells to ensure the reliability of defect calculations in halide perovskites.

1

IThis section is adapted from our publication: Yijun Tong, Xiaofeng Xiang and Scott Dunham. Intersti-
tals as non-radiative recombination centers for all-inorganic halide perovskites, Computational Materials
Science, 2025, 246, 113384.
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3.1 Methods

The underestimation of bandgap values in halide perovskites when using (semi)local ex-
change—correlation functionals, such as the generalized gradient approximation (GGA), is
a well-documented limitation—particularly when spin—orbit coupling (SOC) is included.
To date, only hybrid density functionals with empirically adjusted mixing parameters for
the exchange interaction have been shown to yield accurate bandgap predictions [105, 108].
However, applying hybrid functionals in combination with SOC is computationally demand-
ing, thereby restricting the feasible supercell size for defect calculations. Moreover, the ad-
justment of the mixing parameter introduces a degree of semi-empiricism that may affect
the transferability of the results.

To address these challenges, the native point defects in v-CsPbls and -CsSnls are
investigated using GGA+U calculations with SOC. This approach enables us to achieve
reasonable agreement with experimental bandgap values while maintaining computational

efficiency, thereby allowing the usage of larger supercells in defect modeling.

3.1.1 Details of DFT Calculations

The revised Perdew—Burke-Ernzerhof exchange—correlation functional for solids (PBEsol) [73]
was employed in this study, with spin—orbit coupling (SOC) included in both the electronic
structure calculations and structural relaxations for bulk and defect-containing supercells.
A kinetic energy cutoff of 500eV was used for the plane-wave basis set. Van der Waals in-
teractions were accounted for using the DFT-D3 correction scheme [21]. Effective Hubbard
U parameters, following the simplified rotationally invariant approach [14], were applied to
the p orbitals of Pb (Ueg = 5 €V) in 7-CsPblz and Sn (Ueg = 4.3 €V) in -CsSnls.

For bulk calculations of v-CsPbls and 7-CsSnls (space group Pnma), a I'-centered 4 x
4 x 3 k-point mesh was used. Defect calculations were carried out in 360-atom supercells,
constructed using a 3 x 3 x 2 expansion of the conventional unit cell. A single I'-point

was employed for Brillouin zone sampling in defect calculations. All atomic structures were
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Table 3.1: Structural parameters and band gaps from GGA+U and HSE

~v—CsPbls ~v—CsSnlj
GGA+U HSE (a=0.43) CGCGA+U HSE (a=0.59)
a [A] 9.18 9.02 9.04 8.77
b [A] 8.44 8.59 8.35 8.61
c [A] 12.53 12.48 12.44 12.38
V [A3] 970.81 966.97 939.02 934.81
Band gap [eV] 1.63 1.67 1.25 1.29

relaxed until the residual forces on each atom were below 5 meV /A.

For comparison, additional hybrid functional calculations were performed using the
Heyd-Scuseria—Ernzerhof (HSE) functional. The mixing parameters were set to a = 0.43
for 4-CsPbl3 and o = 0.59 for v-CsSnls, following prior studies [105, 108]. Due to compu-
tational limitations, SOC was not included during structural relaxation in the HSE calcu-

lations.

In Table 3.1, the calculated structural parameters and bandgap values for both «-CsPbls
and y-CsSnls are presented, based on GGA+U and HSE methods. The lattice constants
along the c-axis, as well as the cell volumes, are found to be similar between the two
computational approaches. The lattice parameters obtained from GGA+U are slightly
larger along the a-axis and smaller along the b-axis compared to those from HSE. This
anisotropic distortion is likely caused by the different orbital occupations of Pb-s/p and
I-p states along the a and b directions. Because the Hubbard U correction is applied
isotropically, it shifts the orbital energies in an unequal manner across different bonding
directions, which in turn generates different force imbalances along the a and b axes. A
similar phenomenon has been reported in LaMnOgs, where a strong correlation between
cooperative Jahn—Teller distortion and oxygen-octahedral rotations was observed using the

GGA+U method [51]. The bandgap values of both perovskites predicted by GGA+U and



30

DOS/ (a.u.)

A AN

—Cs
—Pb-s
Pb-p

—l-s

—1p

DOS / (a.u)

—Cs
—8n-s
Sn-p
—l-s
—1p

5 -4 3 -2 -1 0 1
Energy / eV

(a)

INAANANAA]

4

0 1 2 3 4 5
Energy / eV

(b)

Figure 3.1: Calculated DOS of (a) y—CsPbls and (b) y—CsSnlz using GGA+U.

HSE are also in close agreement.

The calculated density of states (DOS) are shown in Fig. 3.1a and Fig. 3.1b. For both
materials, the valence band maxima (VBM) are found to be primarily composed of I-p
and Pb-s/Sn-s orbitals, while the conduction band minima (CBM) are dominated by Pb-
p/Sn-p orbitals, consistent with previous reports [93]. In this work, the bandgap values are
corrected by the application of Hubbard U parameters on the Pb-p/Sn-p orbitals, which

effectively shift the conduction bands to higher energies.

3.1.2  Thermodynamic Stability of Perovskites

To identify the allowable range of chemical potentials for all constituent elements, the ther-

modynamic stability of both perovskites is evaluated. Under equilibrium growth conditions,

the chemical potentials of Cs, Pb/Sn, and I are constrained by the following relation:

Hes + Kpb/Sn + 3ur = E(CSPbIg/CSSnIg)
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where E denotes the total energy obtained from DFT calculations. To prevent the formation
of secondary phases such as Pbly/Snly and Csl, the chemical potential values must also

satisfy the following additional constraints:

HPb/Sn +2ur < E(Pb]g/snfg) (32)

wues + pr < E(CsI) (3.3)

and the corresponding selected chemical potential values for different preparation condi-
tions are summarized in Table 3.2 and Table 3.3. These values are chosen to represent
representative growth environments, including element-rich and element-poor conditions,

while ensuring thermodynamic stability against competing secondary phases.

Table 3.2: Selected chemical potential values (eV) in CsPbls

HCs HUpy 2
Pb-rich -3.0549 -1.9983 -3.064
Pb-moderate -3.5551 -2.9983 -2.5639
Pb-poor -4.1421  -4.1724 -1.9769

Table 3.3: Selected chemical potential values (V) in CsSnls

HC's HSn 1234
Sn-rich -3.0857 -1.8113 -3.1161
Sn-moderate -3.4609 -2.5613 -2.741
Sn-poor -3.7359 -3.1113 -2.4661

3.2 Defect Calculations of CsPblz and CsSnls

The calculated defect formation energies (DFEs) of selected native point defects in CsPblg
and CsSnls are shown in Fig. 3.3 and Fig. 3.4, respectively. The equilibrium concentration
of each defect is exponentially dependent on the negative of its formation energy. The

corresponding defect transition levels are presented in Fig. 3.2.
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Figure 3.3: Calculated defect formation energies (DFE) versus Fermi level of native defects
in CsPbl3 under (a) Pb-rich (b) Pb-moderate and (c¢) Pb-poor condition, respectively.
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3.2.1 CsPbl

For CsPbls, the defect formation energies (DFEs) of donor-type defects are found to be
relatively low, particularly under Pb-rich conditions, resulting in high donor concentrations
and an overall n-type character. This behavior is consistent with previous reports [95].
Reducing the chemical potential of Pb shifts the defect chemistry toward the intrinsic regime.
Notably, the (+1/0) and (0/-1) charge transition levels of iodine interstitials (I;), located
0.7641 eV below the conduction band minimum (CBM) and 0.3812 eV above the valence
band maximum (VBM), respectively, are deep levels. This suggests that I; can act as both

a deep donor and a deep acceptor.

It is observed that both neutral and singly positively charged iodine interstitials (I?
and I;r 1) form iodine trimer-like configurations by breaking two Pb—I bonds and displacing
toward the midpoint between neighboring iodine atoms. The formation of such trimer
structures lowers the formation energies of these charge states and gives rise to deep defect
levels. In contrast, analogous charge states of iodine interstitials in CsSnls do not exhibit

trimer-like bonding and correspondingly yield shallow transition levels.

The concentration of I; in CsPbls is found to be non-negligible under both Pb-moderate
and Pb-poor conditions, indicating the potential for these defects to act as dominant deep
traps. Additionally, the (+2/+1) transition level of Pb antisites (Pby) lies 0.8 eV below the
CBM and is classified as a deep level. The concentration of Pb; is particularly significant
under Pb-rich conditions. Although the formation of I; can be suppressed under such

conditions, an enhancement in Pb; formation is simultaneously promoted.

Under Pb-rich growth conditions, the CsPbls absorber remains n-type, and as a re-
sult, hole capture by deep traps is expected to dominate Shockley—Read-Hall (SRH) non-
radiative recombination. Given that the concentration of I; remains appreciable even in
the Pb-rich regime, the hole capture rates associated with IZQ and Iif1 are of particular

importance and need further investigation.
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Figure 3.6: Local structure of Iit! in CsSnls.
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3.2.2 (sSnlg

For CsSnls, the material is found to be p-type under Sn-poor conditions due to the high
concentration of acceptor defects, particularly tin vacancies, consistent with prior stud-
ies [98, 56]. Under Sn-rich and Sn-moderate conditions, CsSnlg exhibits near-intrinsic be-
havior, accompanied by an increased concentration of tin interstitials. These interstitials
introduce deep defect levels, with (+1/0) and (4+2/+1) charge transition levels located 0.441

eV and 0.133 eV below the conduction band minimum (CBM), respectively.

Analysis of the defect structures reveals that the number of Sn—I bonds associated with
the interstitial Sn atom increases progressively from Sn! to Sn;H and Sn;m, indicating a
preference for Sn—I bond formation as the positive charge state increases. In contrast, Pb

interstitials (Pb;) in CsPbly are found to introduce only shallow levels.
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15—
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W ¥
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Figure 3.7:  Single particle levels for Sn? and Sn;'. Local defect structures are shown

below the single particle levels.
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Further investigation of the defect geometry of the nominal I ;1 state in both perovskites
shows that the Sn-I bond length (3.145 A) is shorter than the Pb-I bond length (3.288 A).
Given that the nominal net charges of B-site and halide atoms are similar in both com-
pounds, this difference suggests that Sn—I bonding is intrinsically stronger than Pb-I bond-
ing, likely due to enhanced electrostatic attraction under shorter distance. This inference is
consistent with the previously noted absence of iodine trimer-like structures for IZQ and I;r !
in CsSnlj.

On the other hand, acceptor defects with both deep energy levels and appreciable con-
centrations are not observed in CsSnls. As a result, it is concluded that the primary role

of acceptors in this material is limited to enabling self-induced p-type doping.

3.2.83 Defect-assisted Carrier Capture Calculations

The rate of Shockley-Read-Hall (SRH) recombination induced by point defects can be
calculated from first-principles methods, as introduced in 2.2.1.3. To evaluate whether
deep levels significantly contribute to carrier trapping, the defect-assisted carrier capture
coefficients of iodine interstitials in CsPblg and tin interstitials in CsSnlg are calculated.
This is accomplished by reconstructing one-dimensional configuration coordinate diagrams
(CCDs), as shown in Fig. 3.8 and Fig. 3.9. A sufficient number of phonon eigenvalues are
included (N=500) in order to guarantee convergence. Finite-size corrections to CCDs are

implemented using the methodology proposed by Kumagai [47].

Table 3.4: Carrier capture rate of iodine interstitials in CsPblz at 300K

Transition Level AQ[amu/?A]  Cy,lem®s™1]  Cplem3s™!]
(0/-1) 30.90 2.41%107%  3.34% 1077
(+1/0) 44.89 13351078  1.22%10°%

Based on the calculated results shown in Table 3.4 and Table 3.5, both iodine interstitials

(I;) in CsPbls and tin interstitials (Sn;) in CsSnls exhibit strong carrier capture capabil-
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Table 3.5: Carrier capture rate of tin interstitials in CsSnls at 300K

Transition Level AQamu'/?A]  C,[em®s™]  Cplem3s™!]
(+1/0) 13.56 71051075 7.24% 10711
(+2/+1) 21.92 2.83%107° 6.31x10"

ities. In particular, the (0/-1) and (+1/0) transitions of I; are associated with strongly
anharmonic potential energy surfaces (PES) and large configuration coordinate differences
(AQ). The similarity of the PES near the ground-state geometry of the excited states (de-
picted by the blue curves) indicates a strong overlap between phonon wavefunctions, which
in turn leads to high hole capture rates. This behavior is especially detrimental in the case

of an n-type CsPblj substrate.

Table 3.6: AQ[amu'/?A] of (0/-1) and (+1/0) transitions for I; in CsPbls

80-atom cell 160-atom cell 360-atom cell 540-atom cell
(0/-1) 35.69 29.72 30.9 30.95
(+1/0) 14.16 45.15 44.89 44.93

It is noted that the calculated AQ values are significantly larger than those reported
in previous studies [106]. This discrepancy is believed to arise primarily from differences
in the size of the supercells used in defect calculations. To validate this hypothesis, AQ
for the (+1/0) transition of I; is calculated using supercells containing 80 (2x2x1), 160
(2x2x2), 360 (3x3x2), and 540 (3x3x3) atoms. As shown in Table 3.6, convergence
within 0.05amu'/2A is achieved when the supercell size exceeds 360 atoms. In contrast, the
80-atom supercell yields significantly different AQ values, likely due to incomplete structural
relaxation imposed by the limited cell size. Larger supercells allow atomic displacements
farther from the defect site, resulting in more accurate relaxation and capture dynamics.
This necessity is further illustrated by comparing Fig. 3.10 with Fig. 3.8(b), where the

impact of supercell size on PES profiles is evident.
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For Sn; in CsSnls, the electron capture rates are found to exceed the hole capture rates,
which poses a significant issue in p-type CsSnls, such as self-doped material grown under
Sn-poor conditions. Although avoiding Sn-poor conditions may reduce the risk of forming
Snly [49] and decrease the background hole concentration, Sn-rich conditions promote the
formation of tin interstitials, which introduce deep-level traps. This trade-off provides a
possible explanation for the experimentally observed non-monotonic behavior in quantum

efficiency as a function of SnFs additive concentration in tin-based perovskites [84].

3.2.4 3D-2D Hybrid Perovskites

Tin-based halide perovskites have emerged as promising lead-free alternatives for photo-
voltaic and optoelectronic applications, offering reduced toxicity and comparable optoelec-
tronic properties to their lead-based counterparts. Among these, formamidinium tin iodide
(FASnl3) is a high-performance 3D perovskite with a suitable bandgap (~ 1.3 eV) and
high absorption coefficient. However, its poor environmental stability and susceptibility to

oxidation of Sn?* to Sn** hinder practical deployment [25].

To address these challenges, compositional engineering has been used to partially re-
place FA cations with bulky organic phenethylammonium (PEA) cations, yielding the
quasi-2D /3D mixed-cation perovskite PEAg 2FAq gI3. The incorporation of PEA forms low-
dimensional (2D) Ruddlesden—Popper—type phases within the 3D matrix, which effectively
passivate grain boundaries, suppress ion migration, and improve resistance to moisture and
oxygen. This structural modulation preserves the favorable electronic transport properties
of the 3D network while enhancing the overall film stability, enabling higher operational
lifetimes and improved device performance in tin-based perovskite solar cells [49].

Tin vacancies have been identified as a major source of self-p-doping in tin halide per-
ovskites. In addition to introducing shallow acceptor states, these vacancies promote the
unwanted oxidation of lattice tin ions, which can ultimately lead to the formation of metallic

tin phases. [49]. In this section, density functional theory (DFT) calculations are performed
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Figure 3.11:  Structure of 3D-2D hybrid perovskite PEAgoFAggls. Labels in the figure
(1-3) indicates the possible positions of tin vacancies.
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on the 3D-2D structured PEAy2FA(gl3 and on tin vacancies located at different lattice
sites, in order to elucidate the mechanisms by which this architecture enhances the stability
of tin-based perovskites.

As shown in Fig. 3.11, a Ruddlesden—Popper—structured PEAg2FA(gls model with 5
Sn-T layers (n=>5) is constructed and fully relaxed using DFT. Three distinct tin sites are
then selected as candidates for introducing tin vacancies, with each configuration calculated
individually using VASP. Among the three configurations, the tin vacancy at site 1 is found
to have the highest formation energy, while that at site 3 possesses the lowest, suggesting
a site-dependent stability of vacancy formation. Specifically, the formation energy of the
tin vacancy at site 1 is 0.96 eV higher than at site 3. This substantial increase in vacancy
formation energy at the interface indicates effective passivation through PEA incorporation.
Consequently, the severe self-p-doping commonly observed in bulk tin perovskites—and the
associated strong Burstein—Moss effect [23]—is expected to be mitigated near the interface,
leading to a red-shift in the photoluminescence (PL), as shown in Fig. 3.12. The enhanced
PL observed at the interface further demonstrates the effectiveness of PEA passivation, as

it suppresses non-radiative recombination pathways.
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Figure 3.12: Spatially resolved PL and spectrally resolved PL for bulk region (green) and
interface region (blue) (data courtesy of Dr. Robert Westbrook, unpublished).
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Chapter 4

MULTI-SCALE MODELING OF DEFECT-RELATED PROPERTIES
IN CDTE/CDSETE PHOTOVOLTAICS

Cadmium telluride (CdTe) and its selenium-alloyed counterpart (CdSeTe) have attracted
considerable attention for optoelectronic applications, particularly in solar cells and radia-
tion detectors. The incorporation of selenium into CdTe not only enables bandgap tuning
but also leads to notable improvements in key electronic properties, such as carrier life-
time and mobility, thereby enhancing the potential for high-efficiency photovoltaic perfor-
mance [15].

Despite these advantages, the presence of native point defects and defect complexes con-
tinues to pose a significant challenge, as they can profoundly influence both the electrical
and optical behavior of the material. In particular, such defects may introduce mid-gap
states that facilitate non-radiative recombination or act as compensating centers, limiting
carrier transport and device efficiency. To elucidate the role of these defects, a detailed
investigation into their formation energies, charge transition levels, and recombination dy-
namics within CdSeTe is essential. A comprehensive understanding of these defect-related
phenomena is critical for optimizing material quality and advancing device performance.

In this chapter, selected intrinsic point defects and group V dopants in CdTe/CdSeTe
are investigated using density functional theory (DFT) calculations. Particular emphasis
is placed on the impact of these defects on the electronic properties of CdTe and CdSeTe
absorbers. Density derived electrostatic and chemical (DDEC) method is applied as a
helpful tool for analyzing proper finite-size charge cell corrections. Intrinsic defects that are
widely recognized as important are included, such as Vg [104, 39], V. [102, 72], Cdr. [102,
72], Tecq [102, 70], Cdips [102] and Te;ns [39, 102, 35]. For group V dopants such as

arsenic and phosphorus, both conventional substitutional defects and compensating AX
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center configurations are examined. In addition, defect complexes including (Cdjpn+ Aste) ™
and (V. + Asre)t are also investigated, as significant Coulombic attraction may arise

between As}i and Cd?;; or Vﬁ:.l

4.1 First-principles Study of Point Defects in CdTe/CdTeSe

4.1.1 Methods

Benchmarking the bandgap and lattice parameters of a material is a critical preliminary
step for ensuring the reliability of defect property calculations. In the case of CdTe, the use
of the traditional generalized gradient approximation (GGA) for the exchange—correlation
functional yields a bandgap of approximately 0.68 eV, which is significantly lower than the
experimental value. This underestimation is attributed to the known limitations of GGA in
describing the localized nature of Cd-d electrons. As a result, an exaggerated anti-bonding
interaction between Cd-d and Te-p orbitals is produced, leading to an upward shift of the
valence band maximum (VBM) [94]. Such inaccuracies highlight the necessity of adopting
bandgap correction methods when modeling electronic and defect-related properties in CdTe
and related materials.

The hybrid functional developed by Heyd, Scuseria, and Ernzerhof (HSE) [104] is widely
recognized for its ability to mitigate common errors in traditional density functional theory
(DFT), such as the self-interaction problem. However, the use of HSE is computationally
demanding, which limits its applicability to relatively small supercells. This constraint
not only poses challenges for accurate defect calculations—where large supercells are often
required to minimize finite-size effects—but also hinders extensive studies in compositionally
complex or alloyed systems. To address the limitations of both standard GGA and the high
computational cost of hybrid functionals, the GGA+U method has been widely adopted as

a practical alternative. In this approach, an effective Hubbard U correction is applied to

IThis section is adapted from our publication: Xiaofeng Xiang, Yijun Tong, Aaron Gehrke and Scott
Dunham. Point defects in CdTe and CdTeSe alloy: A first principles investigation with DFT+U, Physical
Review Materials, 2024, 8(8), 084602.
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localized orbitals—typically d or f states—to better account for on-site Coulomb interactions
and reduce self-interaction errors. By improving the treatment of electron localization,
GGA+U enables more accurate predictions of electronic structure and defect energetics,
while maintaining computational efficiency suitable for large supercell calculations.

To begin with, a series of effective Hubbard U values are applied, and CdTe unit cells are
fully relaxed without symmetry constraints. All calculations are performed using a plane-
wave energy cutoff of 450 eV for the wavefunctions. Collinear spin polarization is included
in all simulations. The resulting bandgap values and lattice parameters are extracted and
summarized in Fig. 4.1. An optimized effective value of U = 12.2 eV is identified, which
provides good agreement with experimental measurements for both the bandgap and lattice
parameter [16]. In contrast, although the HSE functional yields an accurate bandgap, the
corresponding lattice parameter is significantly overestimated. Based on this evaluation, a

U value of 12.2 eV is applied to the Cd-4d orbitals in all subsequent defect calculations.

4.1.2 Results and Discussions
4.1.2.1 Intrinsic Defects

The cadmium vacancy (Vq) is recognized as a key intrinsic defect in CdTe and its re-
lated alloys, with its geometric configurations and charge transition levels being extensively
debated in both theoretical and experimental literature [104]. In this study, it is found
that the neutral charge state of Vioq preferentially adopts a C5, symmetry configuration,
characterized by a dimer-like structure with two fully occupied degenerate states and one
unoccupied state. In contrast, the negatively charged states (V. dl and V. d2) are found to be
most stable in a T; symmetry configuration. Reported charge transition levels for Vo4 span
a wide energy range from approximately 0.1 to 0.8 eV above the valence band maximum
(VBM), as established across multiple theoretical and experimental studies [9, 88, 7, 31].
It is possible that either supercells that are not large enough were used for simulation, or

inappropriate methods were used for charged-cell correction. The charge transition levels
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Figure 4.1: The dependence of the lattice parameter ap and bandgap on the applied
Hubbard U parameter is shown for different methods, including standard DFT (U = 0 eV)
and GGA+U. HSE06 results are indicated by star symbols, while experimental reference
values are marked by dashed lines.

of Vg in CdTe are determined to be 0.17 €V for the (—1/0) transition and 0.30 eV for the

(-2/-1) transition.

The nonradiative carrier capture behavior of Vg in CdTe is further examined through
calculations of defect carrier-capture cross sections based on single-phonon mode approxi-
mation [1]. As shown in Fig. 4.2 and Table 4.1, the potential energy surface (PES) asso-
ciated with the (-2/-1) transition exhibits a quasi-harmonic profile, while the PES of the
(-1/0) transition displays pronounced anharmonicity. This contrast is attributed to the
close geometric proximity between the T} structured V&f and VC*d1, while large discrepancy
in geometry between V(;dl and Vcod. Similar behavior has been reported in previous stud-
ies employing the HSE06 functional for Vg in CdTe [31]. Carrier capture cross section
calculations indicate that the (~1/0) transition is associated with strong nonradiative re-

combination activity, while the (—2/-1) transition contributes only weakly to nonradiative
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Figure 4.2: Configuration Coordinate Diagram of Vo4 (-1/0) and (-2/-1). @ in X-axis
corresponds to the mass-weighted configuration coordinate. @) indicates the configurational
coordinate path between equilibrium configurations. @@ = 0 indicates defects ground state
with T,; symmetry.

processes.

The second intrinsic defect examined in this study is the tellurium-on-cadmium antisite
(Tecq), which is expected to form with appreciable concentration under Cd-poor growth
conditions. Structural analysis reveals that the Te%d and TeJCrd charge states adopt a Cs,
symmetry, whereas the doubly positively charged state T 6203 stabilizes in a T, configu-
ration. Both the (0/+1) and (4+1/+42) charge transition levels are located deep within
the bandgap, indicating the potential for strong nonradiative recombination activity. To
confirm this, nonradiative carrier capture cross sections are computed, with the results
summarized in Table 4.1. The findings confirm that Tecq introduces deep-level trap states
capable of acting as efficient nonradiative recombination centers. Previous theoretical stud-

ies have reported differing results [39, 31]. For example, Krasikov et al. obtained carrier



o1

capture cross sections for T'ecy that are comparable to ours, but their results for V4 deviate
significantly [39]. This discrepancy arises from their use of an approximate harmonic con-
figuration—coordinate diagram (CCD) for carrier capture calculations, rather than a fully
anharmonic profile, leading to strong deviations from physical reality. Kavanagh et al. also
employed an anharmonic CCD approach, but their calculations for the neutral V4 defect
produced a strongly distorted structure, even though it exhibited the same C5, symmetry
as in our results [31]. This discrepancy is likely due to their use of a relatively small 64-
atom supercell, which can lead to inaccurate geometric relaxation and electronic occupation.
Furthermore, their use of the Lany—Zunger correction scheme for charged supercells may
be problematic, as this method has known deficiencies in accurately treating the potential

alignment term [34].

Table 4.1: Capture cross section of deep level defects in CdTe at 300K

Defect | Transition Level | Trapping Process | o(T = 300K)[cm?]
Veu | (op)  gecepte | Sox
o |
g T e
Heod (+1/0) elehcczlreorclaf;[l)ltrsre Z? i 18_12

The defects Ve, Cdint, and Cdre are identified as shallow donors, as shown in Fig. 4.3.
Both V1, and Cdre exhibit negative-U behavior, meaning the density of +1 charge state is
insignificant compared to neutral and +2 charge state in equilibrium. The (42/0) transition
levels of V. and Cdre, along with the (+2/+1) level of Cdjy, are located very close to the
conduction band minimum (CBM) or even inside the conduction band (CB). As a result,
the +2 charge state is dominant for all three defects under p-type conditions in CdTe and
its alloys.

Among the three, Cdr, has the highest formation energy in both Cd-rich and Te-rich
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environments, suggesting it is unlikely to be the main compensating donor. The neutral
state of Vi, is most stable in a Jahn—Teller distorted structure, consistent with results from
previous HSEO06 calculations [104]. The +2 charge state of Vi, prefers a symmetric T}
configuration, while Cd;g% is most stable when located in a tetrahedral site surrounded by

four Te atoms.

The interstitial tellurium defect (T'ejn ) nominally acts as a donor. Previous studies have
reported that Tej, tends to form a split-interstitial configuration oriented along the [110]
direction [59]. Previous reports have proposed that Tei,; may act as a deep-level defect [58],
and the results in this study indeed confirm that its charge transition level lies close to the
middle of the bandgap, as shown in Fig. 4.3. However, its formation energy is relatively high,
even under Te-rich growth conditions. Using the formation energy values together with the
compositionally constrained thermodynamic (CCT) model [66], the concentration of Tyt
at 300 K under Te-rich conditions is estimated to be roughly three orders of magnitude lower
than both the free carrier density and the concentrations of the two other major deep-level
defects, Tecq and Vog. This low concentration suggests that Tejy is unlikely to play a

significant role in limiting carrier lifetime in CdTe.

The tellurium-on-cadmium antisite defect (T'ecq) has been reported to potentially form
stable complexes with interstitial tellurium (7'ejy) and cadmium vacancies (Vq) due to their
favorable binding energies [38]. However, the results of this study indicate that the forma-
tion energies of both T'ecq—Teint and Tecq—Voq complexes remain high. This is attributed
to the binding energies being insufficient to offset the energetic cost of creating both con-
stituent defects. Using the compositionally constrained thermodynamic (CCT) approach,
the concentrations of these complexes at 300 K are estimated to be approximately three
orders of magnitude lower than the carrier density, suggesting they are unlikely to play a
significant role in determining the electronic properties of CdTe. Process simulation also
shows that after cooling from growth temperatures the concentrations of these complexes

are negligible [96].
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Figure 4.3: Defect formation energies vs Fermi level of intrinsic defects in CdTe under (a)
Cd-rich and (b) Te-rich condition. The chemical potential conditions are pcq+ pre = —1.28
eV and pcq + pse < 0.15 eV.
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4.1.2.2  Group V Dopants

Arsenic (As) and phosphorus (P) are recognized as effective dopants in CdTe-based ma-
terials, with demonstrated potential for improving p-type conductivity in photovoltaic de-
vices [103]. However, their behavior in CdTe and CdSeTe—particularly the dominant com-

pensating mechanisms in As- and P-doped systems—remains less well understood [10].

In CdTe and CdSeTe, As and P can substitute for Te or Se atoms, functioning as
acceptors due to their group V valence, which provides one fewer valence electron compared
to Te. In this study, attention is focused on the substitutional defects Aste, and Pre, along
with their associated defect complexes. The calculations reveal that the neutral and singly
negatively charged states of both Ast. and Pr. adopt Ty symmetry, in agreement with
earlier theoretical reports [103]. The (0/-1) charge transition levels are computed to be
0.13eV for Aste and 0.18eV for Pr. (Table 4.2, Table 4.3), confirming their character as

shallow acceptors capable of enabling effective p-type doping in CdTe.

In addition to the negatively charged states, As and P can also form singly positively
charged substitutional defects, AsJTrel and Pq};l, commonly referred to as AX centers [103, 35].
Unlike their negatively charged counterparts, AX centers act as donors. As illustrated in
Fig.4.4, the AX configuration arises when the As or P atom displaces toward one of the
neighboring Te atoms, thereby breaking the original T,; symmetry. This distortion splits the
triply degenerate defect states associated with the T; configuration into two fully occupied

states and one empty state, as shown in Fig.4.5. Structurally, the displacement results in

the breaking of one Cd—As/P bond for each of the two affected atoms.

The energetic stability of the AX center is governed by the competition between the
band splitting energy, AFg,it, and the Cd-As/P bond energy, Fpona. When AFg,; ex-
ceeds Epond, the AX configuration is expected to be more stable than the ideal tetrahedral
structure. However, the present calculations indicate that, in CdTe, the formation energy
of the As AX center (1.92eV) is nearly identical to that of the Ty-structured Ast! de-

fect (1.93eV). Similarly, the P AX center has a formation energy of 2.04eV, which is close
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Figure 4.4: Schematic of AX center defect configuration

/YA
N A

AEsplit AEspIit

Figure 4.5: Schematic of AX center defect band splitting. Left one indicates AX in CdTe
and right one indicates AX in CdSeq.25Teq.75. AFEgp is the band splitting energy

to the value for Ty-structured P%el (2.10eV). These results suggest that in CdTe the AX
configuration does not confer a significant stability advantage over the regular tetrahedral

substitutional geometry.

An open question in the study of compensating donors in CdSeTe is whether species other
than the AX center could dominate compensation. Chatratin et al. [10] proposed that Vi,

and C'dt, may act as compensating donors, while C'dy,; was excluded from consideration
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Table 4.2: Arsenic defect formation energy and complex binding energy (eV) in CdSexTe; .

As;,l» AX Ag;g Td ASOTC Ag;: ('1/0) Ebinding (Cdznt -+ A-9T5)+ Ebinding (VTe -+ ASTE?)+
CdTe 1.92 1.93 1.94 | 2.07 0.13 1.21 0.55
CdSeqp.25Teg 75 | 1.57~1.79 1.89 1.93 | 2.11 0.18 1.32 0.37
CdSep 50Tegs50 | 1.70~1.87 1.84 1.87 | 2.19 0.31 1.35 0.47

Table 4.3: Phosphorus defect formation energy and complex binding energy (eV) in

CdSe, Teq_x.
P;el AX Pj_rel Td Pjo‘e Pj:el ('1/0) Ebinding (Cdznt + PTe)Jr Ebinding (VTe + PTe)+
CdTe 2.04 2.10 1.93 | 2.04 | 0.11 1.14 0.35
CdSeg.25Teg 75 | 1.72~1.94 2.08 2.05 1 2.09 | 0.04 1.31 0.31
CdSegs0Teoso | 1.82~2.01 | 2.10 | 2.07 | 2.13 | 0.06 1.31 0.38

due to its high mobility. However, the possibility of C'd, being the primary compensating
donor appears limited, as its formation energy is relatively high [67, 97]. Based on these
considerations, V. and Cdiy; are regarded as the more probable dominant compensating
defects in CdSeTe.

Although the high mobility of C'dj, raises concerns regarding its stability as an isolated
defect, the present results indicate that Cd;;f can form stable complexes with As%el or PT_e1
through electrostatic attraction and/or covalent bonding. These interactions lead to the
formation of (Cdiyt + Aste)™ (Fig. 4.6) and (Cdiyt + Pre)™ complexes. The relatively high
binding energies of these complexes, as summarized in Table 4.2 and Table 4.3, suggest that
they could be important contributors to compensation in CdSeTe. While Group V acceptors
also exhibit measurable binding with V., the binding energies in these cases are significantly
smaller than those observed for complexes with Cdi,;. Consequently, (Ve + Aste)™ and
(Ve + Pre)t are considered less likely to be the dominant compensating donors in the

material.

4.1.2.8 Defect Properties in CdSeTe Alloy

Defect properties and energetics in CdSeTe alloys can differ from those in pure CdTe. Key

findings on this topic, based on our earlier work [97], are summarized here.
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Figure 4.6: Defect Structure of (Cdjnt + Ase)™ in CdTe.

Experimental studies have reported that bulk recombination in CdSeTe alloys is reduced
compared to CdTe [3, 36]. Consistent with these observations, our calculations show that the
formation energies of the two primary deep-level defects—Tecq and Vog—increase slightly
with selenium incorporation (Se fraction increasing from 0% to 50%). Specifically, the
formation energy of V{, is 0.15eV higher in the 50% alloy, while that of TeJCri is 0.18eV
higher. These increases suggest a reduced concentration of deep-level centers in CdSeTe.
Taken together, these effects imply that bulk recombination rates are expected to be lower
in CdSeTe alloys compared to pure CdTe.

In CdSeTe alloys doped with group V elements, the (0/-1) charge transition level of As,
is found to shift toward the conduction band minimum (CBM) with increasing Se content,
reaching 0.31 eV above the valence band maximum (VBM) at a Se ratio of 50%. In contrast,
the transition level of Pr, remains close to the VBM across the same composition range.
These results indicate that, for As-doped CdSeTe, precise control of the Se ratio is required
to sustain high doping efficiency.

The singly positively charged AsJTre1 defect in CdSeTe also exhibits a noticeable depen-
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dence on the Se alloying ratio. For the Ty-structured configuration, the formation energy is
calculated to be 1.93 eV in CdTe, 1.89 eV in CdSeg.o5Teq.75, and 1.84eV in CdSeq 50Teq 50,
indicating a slight energetic preference for the T;; +1 defect at higher Se content. In contrast,
the formation energy of the AX-centered As%el decreases more significantly with increas-
ing Se ratio. For example, in CdSeq 25Teq 75, the AX defect formation energy ranges from
1.57eV to 1.79eV depending on the specific Se/Te arrangement, compared to 1.92eV in
CdTe. This trend suggests that the presence of Se may stabilize the AX configuration, po-
tentially lowering its formation energy and thus enhancing compensation of p-type doping.
As shown in Fig. 4.5, this stabilization is not attributed to an increase in the band splitting
energy AFgy, but rather to a local bonding effect in which a nearby Se atom weakens the
Cd-As/Te bond. Evidence for this is provided by calculations on a 64-atom CdSeTe super-
cell containing only one Se atom in the group VI sublattice, where the lowest AX formation
energy occurs when the Se atom occupies either the Te4 or Teb position. From Fig. 4.4, it
can be seen that placing the smaller Se atom at these sites compresses the nearby Cd atoms
along the Asl-Tel direction, thereby strengthening the Asl-Tel bond but weakening the
As1-Cd6 and Tel-Cd7 bonds. Furthermore, in the alloy environment, the As atom tends
to move toward the Te atom to form a dimer-like structure, whereas movement toward the

Se atom is energetically unfavorable. A similar trend is observed for Pr. defects.

To further assess the influence of AX center defects on group V dopability, the transi-
tion mechanism between the AX configuration and the neutral As . substitutional defect
was examined in a 25% CdSeTe alloy. The configuration coordinate diagram (CCD) for
the Aste (+1-AX/0) transition is shown in Fig.4.7. A barrier of approximately 0.4 eV is
found between the AX- and Ty-structured As%el states, which is likely to limit the forma-
tion of AX defects. This finding is consistent with similar transition barriers reported for
CdTe [35]. Although certain alloy configurations may favor AX defect formation, the overall
concentration of AX centers is expected to remain low due to this transition barrier. Recent

computational studies [10] also have suggested that AX centers are not the primary bottle-
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neck for achieving p-type doping in CdTe or CdSeTe alloys. Nevertheless, their potential
impact on group V dopability warrants further study, with attention to both the kinetic

and thermodynamic factors governing AX defect formation.
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Figure 4.7: Configuration coordinate diagram of Aspe (+1-AX/0) in CdSeg 25Teq.75. As;ﬁ .
with formation energy close to the Boltzmann distribution at 300 K is selected as the excited
state. As, exhibits minimal dependence on the Se/Te arrangement.

For complexes in CdSeTe, the bonding between Cd;g% and Asffel or P;rel was analyzed

in detail, as summarized in Table 4.4. The table lists the bond lengths (in angstroms, A)
and bond orders (BO) for the nearest-neighbor atoms surrounding Cd interstitials within
(Cdint + Aste)t and (Cdiny + Pre)™ complexes in both CdTe and CdSeTe alloys. The BO

values, estimated using the density-derived electrostatic and chemical (DDEC) method [61],
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range from 0 (purely ionic bond) to 1 (purely covalent bond). The results show that Cd—Te,
Cd—-Se, Cd—As, and Cd—P bond lengths decrease slightly as the Se alloy fraction increases,
which can be attributed to the contraction of the lattice constant. The BO values, however,
remain nearly unchanged across alloy compositions, indicating that the bonding nature of
(Cdipg + Aste)™ and (Cdiyy + Pre)t is largely insensitive to Se content. From these values,
the Cd—Te and Cd—Se bonds are inferred to have roughly equal ionic and covalent character
(approximately 50% each), while Cd—As and Cd—P bonds are predominantly covalent. This
strong covalent component, combined with Coulomb interactions, accounts for the high

binding energies observed in these complexes.

Table 4.4: Bond lengths (A) and bond orders for nearest neighbors surrounding Cd intersti-
tial in (Cdpe + Aste)™ and (Cdype + Pre)t. Bond lengths are provided outside the brackets,
while bond orders are denoted inside the brackets.

Defect Type (Cdint + Ase)™ (Cdint + Pre)™
) Bond | 4 _Pe | Cd-Se | Cd-As | Cd-Te | Cd-Se | Cd-P
Material
CdTe 2.84 (0.52) - 2.57 (0.64) | 2.83 (0.52) - 2.49 (0.66)
CdSep5Teors | 2.82 (0.52) | 2.65 (0.52) | 2.55 (0.65) | 2.81 (0.52) | 2.64 (0.52) | 2.47 (0.67)
CdSegs0Teos0 | 2.80 (0.55) | 2.64 (0.53) | 2.54 (0.69) | 2.79 (0.55) | 2.63 (0.54) | 2.46 (0.70)

4.2 Device Modeling of CdTe/CdSeTe Solar Cells

CdSeTe solar cells exhibit excellent reliability and a lower temperature coefficient than
silicon solar cells [60, 90], making them promising candidates for large-scale photovoltaic
deployment. However, improvements in open-circuit voltage (V,.) have lagged behind other
performance gains. For example, V,. values near 900 mV were already achieved in 2013
for CdTe devices approaching 20% efficiency using Cu doping [20]. Yet, even with the
recent record efficiency of 22.3% in As-doped CdSeTe devices, V. remains at a similar
level (899 mV) [60]. This slow progress is notable given that several material and device

parameters identified as necessary for 25%-efficient CdTe cells—such as carrier lifetime,

doping concentration, and interface passivation [30]—have largely been achieved [2, 45, 44].
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One of the key factors contributing to the V. deficiency in CdSeTe devices is believed
to be potential fluctuations—both in the band gap and in the electrostatic potential [89,
91, 92]. Such fluctuations can enhance nonradiative carrier recombination, leading to V.
losses on the order of 99-129 meV and reducing the overall device efficiency. Quantifying
and understanding these effects are therefore critical for developing strategies to suppress

recombination losses and push CdSeTe performance closer to its theoretical limits.

In this work, a comprehensive device model for CdSeTe solar cells is developed, inte-
grating defect multilevel transitions with potential fluctuation effects. By combining first-
principles calculations with device-level simulations, the model enables a detailed under-
standing of carrier dynamics, recombination mechanisms, and the origins of theV,. defi-
ciency. This integrated framework establishes a basis for devising targeted optimization

strategies to enhance both the efficiency and stability of CdSeTe solar cells.?

4.2.1 Methods
4.2.1.1 Device Calibration

The device model is built in Sentaurus TCAD, according to the simplified device structure
shown in Fig. 4.8. The layers consist of a 5um CdSeTe/CdTe absorber, 100nm MgZnO
layer as buffer and a 300nm SnO3/i-SnO2 bilayer. These layer structures are consistent

with experimental settings in [109)].

Band parameters of CdTe;_ySey is dependent on Se ratio x, which is shown in Eq. 4.1

and Eq. 4.2
Etotal — (1 _ {L')ECdTe + mECdSe
g g 9 (4.1)
+bx(1—2x) .

2This section is adapted from our manuscript: Yijun Tong*, Xiaofeng Xiang* and Scott T. Dunham. Un-
derstanding Voltage Loss in CdSeTe Solar Cells: Integrating Defect Chemistry and Potential Fluctuations
in Device Modeling (in preparation).
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SnO,/ MgZnO
i-Sn0O,

Au

Figure 4.8: Device schematic of CdTeSe solar cells. CdTeSe layer ranges from 0 to 5.0 pm,
but only a portion is shown in the schematic for concise illustration.

X = (1 — z)Xcdre + TXCdSe
(4.2)
+cx(l—2z),

where bandgap of CdTe EngTe is 1.49 eV, bandgap of CdSe Egdse is 1.79 eV, electron
affinity of CdTe xcgre is 4.50 eV and electron affinity of CdSe xcqse is 4.93 eV. Bowing

parameter b for bandgap is 0.90 while bowing parameter ¢ for electron affinity is -0.27.

Complex refractive index of CdSeTe is extracted from [28] for various Se compositions.

Other critical parameters for each layer are shown in Table 4.5.

Table 4.5: Critical parameters in CdTeSe Device Model

CdSeTe i-SnO SnO MgZnO
Bandgap (eV) Eq. 4.1 3.60 3.60 3.64
Carrier Density (cm™) Vary 1.0x 10" 5.0x10%° 1.0x10'®
Refractive Index Data [28] Data [19] Data [19] Data [71]
Effective mass e/h 0.095%(1-SST)-+0.082*(SST)/0.84%(1-SST)+1.243%(SST)  0.25/1.0  0.25/1.0  0.2/0.7
Electron affinity Eq. 4.2 4.70 4.80 0.2/0.7
Mobility e/h (cm?/V s) 320/80 10/2.5 30/2.5 30/1.5

Lifetime e/h (ns) SRH & Radiative Recombination 1.0 1.0 1.0
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In this study, CdTe:Cu and CdSeTe:Cu are employed as baseline models for device
calibration. The chemical potentials of Cu, Cd, Se, and Te are adjusted to reproduce the
experimentally reported carrier densities and lifetimes. For the CdSeTe:Cu baseline model,
the SST (Se/(Se+Te)) profile is extracted from [109], as shown in Fig. 4.9. Defect energetic
and recombination parameters are taken from our previous work [96] and incorporated
into the Sentaurus TCAD framework using the multilevel defect implementation method

described in Section 2.2.2.2.
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Figure 4.9: Se ratio profile of CdTeSe solar cells in [109].

Following the profile setup described above, the simulation models of both CdTe:Cu and
CdSeTe:Cu are calibrated and validated against experimental measurements, as summarized
in Table 4.6. The simulated device efficiency () and fill factor (FF) for both CdTe:Cu
and CdSeTe:Cu exceed the corresponding experimental values. This discrepancy is likely
attributable to series resistance effects, which are known to reduce both efficiency and fill
factor in actual devices. In the present setup, however, the series resistance has not been
explicitly matched to experimental conditions.

After establishing a reliable baseline model, the calibrated device profile is transferred
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to CdSeTe:As. The resulting simulated device parameters are in agreement with those

reported for state-of-the-art CdSeTe:As solar cells by First Solar [60].

Table 4.6: CdSeTe Solar cell device performance from experiment and simulation

Jse (mA) | Voo (V) | n% | Fill Factor
Experiment data (CdTe:Cu), NREL(Ref. [109]) 25.2 0.87 | 12.6 57.6
Experiment data (CdSeTe:Cu), NREL(Ref. [109]) 28.5 0.82 | 15.1 64.9
Device Simulation Calibration (CdTe:Cu) 25.3 0.88 | 16.1 72.4
Device Simulation Calibration (CdSeTe:Cu) 28.7 0.81 18.5 79.6
Device Simulation (CdSeTe:As) 28.7 1.00 | 23.7 82.5
Device Simulation (CdSeTe:As, o4t 28meV) 28.7 0.91 21.0 80.8
Experiment data (CdSeTe:As), First Solar (Ref. [60]) 30.9 092 | 221 78.3

4.2.1.2  Setup of Potential Fluctuations

Potential fluctuations arise from two main sources as shown in Fig 4.10: (1) band gap fluctu-
ations caused by variations in alloy composition, strain, and stoichiometry, and (2) electro-
static fluctuations induced by charged defects located within grains, at grain boundaries, or
at interfaces. Band gap fluctuations are optically active and can be detected through optical
measurements, whereas electrostatic fluctuations are not optically sensitive [89]. However,
both types of fluctuations influence electrical behavior and can be probed through electrical
measurements. Notably, electrostatic fluctuations are injection-dependent due to screening
effects from free charge carriers.

Local band gap variations appear as band tails in optical spectra [46, 64]. Different forms
of band tails—exponential, Gaussian, and power-law[77]—have been reported across a wide
range of materials, including II-VI, ITII-V, group IV, organic, and perovskite semiconductors.
For CdSeTe, the band tail is most commonly described by an exponential form [46, 69]. The
exponential band tail DOS can be expressed as [29]:

D(E) =t exp(_@

20 o ) (43)
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Figure 4.10: Two types of potential fluctuations are considered: (a) bandgap fluctuations
and (b) electrostatic potential fluctuations. In case (a), the conduction band E. and the
valence band E, edges fluctuate independently, resulting in spatial variations in both the
band gap and electron affinity. These fluctuations are modeled using an exponential tail
described by Eq. 4.3 characterized by o. and oy for the conduction and valence bands,
respectively; collectively, these define the Urbach energy o,. The spatial distribution of
defect transition levels is modeled by a Gaussian profile with standard deviation op. In
case (b), the band gap remains spatially uniform, but electrostatic fluctuations—arising
from nonuniform charge distribution—are superimposed on the band diagram. In this work,
we focus on electrostatic potential fluctuations induced by charged defects distributed within
grains. The electrostatic fluctuation induced by spatial distribution of charged defects is
described by oelec.
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where V; is the integral of the band tail DOS over the energy, Eg denotes energy position of
conduction band minimum (CBM) or valence band maximum (VBM). And o is a character-
istic energy width of the band tail distribution. Based on the band tail DOS of Eq. 4.3, the
total electron density as a function of the electron quasi-Fermi level Er , and temperature

T is computed as the following (a similar expression applies for holes):

n(EF,n, T) = nb(EFm, T) + nbt(EF,n, T)
/00 D(E) (4.4)

E+Ec—Ern

nbt(EF,an) =
—o 1 + exp(kiT)

where ny(Epy,,T) is the electron density computed using the DOS without the band tails,

and ny(EFpy, T) is the density of electrons that occupy the band tail DOS.

In optical measurement, Urbach energy o, is extracted by fitting the absorption spec-
trum to an exponential function. The resulting value reflects an average over the illuminated
volume of the sample. Thus,

oy =\ 02+ 02 (4.5)
In addition, due to charged defects, the CB and VB edges fluctuate with oge.. Total
fluctuation can be expressed as:

Otot = \/ 02 + 02, (4.6)

This expression assumes that composition-induced fluctuations (o, e.g., from alloy disor-
der) and electrostatic fluctuations (oejec, €.g., from charged defects) are statistically inde-

pendent. oot is the value we should use in Eq. 4.3.

Telec Can be estimated using following equation [79, 80, 74]:

2/3
e? Am 173 Nap

_ 4.
(3 p+ Ap+ An (47)

Oelec = Aree
0

where e is the elementary charge, egg is the static permittivity of the semiconductor, Ny p
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is total donor or acceptor concentration, p is the carrier density from net doping, Ap and An
are photogenerated carrier densities. This equation describes electrostatic potential fluctu-
ations arising from the random spatial distribution of concentrations of charged defects.
However, it does not capture variations in defect formation energies and charge-transition
levels caused by the local atomic environment, as demonstrated in our previous work [96, 97].
To account for this effect, the distribution of defect transition levels is represented by a Gaus-
sian function with a standard deviation op. Such variations can contribute to V. deficiency

but do not add to oy.

4.2.2  Results and Discussion

To investigate the impact of potential fluctuations on open-circuit voltage loss AV,., two
contributing mechanisms are examined: (1) total disorder oo, which includes both bandgap
and electrostatic contributions, and (2) trap transition level fluctuations o under a constant

Otot-

[ / ® Oot
500~ (2 m O
400 - /‘

> .
§3007
S Pl
> ;
<1 200- .
[ .
100-
,. il ,., n n ] u
.,/

0- ©--0-e-—-0--
0 20 40 60 80 100
Fluctuation o (meV)

Figure 4.11: AV,. versus oo and o1. The dotted line represents a fitting curve based on
the two-bandgap model [92]. For modeling the impact of trap transition level fluctuation,
a constant oot of 25 meV is used.
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Figure 4.11 presents the simulated AV, as a function of fluctuation magnitude for both
oot and op. The AV, associated with trap transition-level variation (green squares) re-
mains nearly constant across the entire fluctuation range (0-100 meV). In contrast, potential
fluctuations have a significant impact on AV, as illustrated in Fig. 4.11. The relationship
between AV,. and oyt can be accurately described by the two-bandgap model given in
Eq. 4.8 [92].

kT

AVye = " In (r exp % +1- 7‘) (4.8)

In this model, the parameter r represents the ratio between subgap and above-gap ab-
sorbance, with a fitted value of 5.53x 1076, The parameter mo characterizes the Stokes shift
between absorption and luminescence. From our fitting results, As-doped CdSeTe samples
with an Urbach energy of 23-26 meV are expected to exhibit a Stokes shift of approximately
0.32-0.37 V. This predicted Stokes shift requires further experimental validation to confirm

its accuracy.

Experimental data indicate that As-doped CdSeTe samples exhibit an Urbach energy
in the range of 23-26 meV, with a corresponding AV,. 99-129 mV[46]. However, in our
simulation (Fig.4.11), the calculated AV, is approximately 60 meV. This discrepancy can be
attributed to the fact that optical measurements are inherently insensitive to electrostatic
fluctuations, as discussed earlier. The low activation of As in CdSeTe likely introduces
additional electrostatic disorder near the bandgap edge, which is not captured by purely

optical characterization.

To investigate the role of electrostatic fluctuations ogec, we analyzed their dependence
on the arsenic (As) activation ratio, as shown in Fig. 4.12. In this simulation, a constant
bandgap fluctuation (0,=25 meV) was assumed to isolate the impact of electrostatic effects.
The value of o Was varied according to the As activation ratio, following Eq. 4.7, which
establishes a direct link between the total concentration of ionized defects and local elec-
trostatic fluctuations. The simulation results reveal that both the total disorder-induced

Voe loss (blue curve) and the loss specifically attributed to electrostatic fluctuations (orange
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Figure 4.12: AV,. versus As activation ratio. Blue dots indicate the AV,. due to total
disorder oy, while orange dots correspond to the loss caused solely by electrostatic fluc-
tuations . and green dashed line indicates the loss caused by bandgap fluctuation oy.
Here, a constant o, of 25 meV is used. The value of o is varied with the As activa-
tion level according to Eq. 4.7. The injected carrier concentrations Ap and An are around
1 x 10'" cm™3 in space charge region under open circuit, and the background hole density
p is kept at 1 x 10'6 cm™3 regardless of activation ratio.

curve) decrease with increasing As activation. This reduction is primarily due to a decrease
in compensating defects as the activation ratio increases. At low activation ratios (<4%),
Oelec contributes to more than 50% of the total V. loss. In contrast, at higher activation
ratios, the contribution of o reduces and V,. loss converges to the value determined by
bandgap fluctuation. The green dashed line in Fig. 4.12 represents the constant contribution

of oy, which remains unaffected by activation.

When the activation ratio of As ranges from 2% to 4%, the simulated AV, increases
to approximately 110-150 mV, which is consistent with experimental observations. This
suggests that the observed voltage loss is driven by a combination of bandgap fluctuation

and electrostatic fluctuation (arising from low As activation).

State-of-the-art CdSeTe:As solar cells exhibit an activation ratio of roughly 2-3% [60],

which falls within the region where oje. plays a critical role in determining AV,,.. This high-
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lights the importance of improving As activation to reduce electrostatic disorder. Strategies
such as passivating compensating defects or optimizing doping processes to enhance dopant
activation are essential for further V. improvement. Moreover, reducing bandgap fluctu-
ations is equally critical. This can be achieved by carefully controlling alloy composition,
strain, and stoichiometry during the deposition process. Optimizing these parameters could
potentially minimize bandgap disorder (o), leading to improved V. and overall device
performance. These findings corroborate our modeling approach and demonstrate that V.
deficits in As-doped CdSeTe can be attributed to potential fluctuations. The strong cor-
relation between the modeled and experimental data supports the hypothesis that low As
activation introduces high electrostatic disorder, thereby reducing the open-circuit voltage.
Further experimental studies are recommended to quantify the Stokes shift and verify its

impact on V. loss.
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Chapter 5

IN-DEPTH THEORETICAL INVESTIGATION OF SE VACANCIES
IN CDSE

Cadmium selenide (CdSe) possesses a near-ideal bandgap of E, ~ 1.7 eV, making it a
strong candidate for the top junction in tandem photovoltaic devices. Despite this favorable
bandgap, the performance of CdSe solar cells has remained below expectations. Experimen-
tal studies have attributed this deficiency primarily to extremely rapid (sub-nanosecond)
minority-carrier trapping by deep defect states, which severely limits carrier lifetimes. The
density of such defects in as-grown polycrystalline CdSe films has been measured to be
in the range of (5-50) x 10'7 cm™3, a level high enough to dominate nonradiative Shock-
ley-Read-Hall (SRH) recombination losses.

In this chapter, density functional theory (DFT) calculations are employed to identify
and characterize the dominant defects responsible for these losses. Our results indicate
that selenium vacancies (Vs.) are consistent with both the experimentally observed hole-
trapping behavior and one of the sub-bandgap photoluminescence (PL) peaks. A configura-
tion coordinate diagram (CCD) for Vg, is constructed to provide insight into experimental
observations, with particular attention to the D1 PL emission feature.

The findings offer valuable guidance for mitigating carrier-trap-related losses. Specifi-
cally, reducing Vg, density through optimized growth conditions, targeted defect passivation,
or controlled stoichiometry are suggested to improve device performance. The benefits are
particularly pronounced when employing thin CdSe absorbers, which not only enhance car-
rier transport by reducing path length needed for carriers to reach the interfaces, but also
limit SRH recombination losses.

Furthermore, CdSe exhibits near-single-crystal-like band-edge emission, owing to its

uniform bandgap and minimal electrostatic potential fluctuations. This property is advan-
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tageous for tandem applications, as it suppresses band tails in the top-junction absorber,
thereby preventing undesirable spectral overlap and photon management complications for

the bottom junction.’

5.1 DMethods

Density functional theory (DFT) calculations were carried out using the Vienna ab initio
simulation package (VASP) with the projector-augmented wave (PAW) method to describe
the ion cores. The Perdew—Burke-Ernzerhof (PBE) exchange—correlation functional was
employed, and spin polarization was included in both electronic calculations and structural
relaxations for bulk cells and defect-containing supercells. The plane-wave kinetic energy
cutoff was set to 520 eV. Electronic self-consistency and ionic relaxation were converged to
10~% eV and 5 meV /A, respectively. A simplified (rotationally invariant) Hubbard U correc-
tion was applied to Cd d orbitals (Usg = 12.2 V), yielding bandgap and lattice parameters
in close agreement with experimental values for both CdSe and CdTe. Defect calculations
were performed in a 300-atom supercell with single-I'-point k-space sampling. Charged-cell
corrections to defect formation energies were evaluated using the Freysoldt—Neugebauer—Van
de Walle (FNV) scheme to account for spurious electrostatic interactions between localized
charges and their periodic images. Configuration coordinate diagrams (CCDs) were con-
structed from linearly interpolated structures between two ground-state geometries corre-
sponding to different defect charge states.

Benchmarking for CdSe began by applying the same effective Hubbard U value for Cd-d
orbitals as used in CdTe and CdSeTe. Remarkably, this choice yielded bandgap and lattice
constant values for both zinc blende and wurtzite CdSe that matched experimental results
well, as shown in Table 5.1 [75]. This agreement across CdTe and CdSe can be attributed to

their similar Cd-VI bonding characteristics, where both Te and Se are group VI elements and

!This chapter is adapted from our manuscript: Darius Kuciauskas, Taylor Hill, James R. Sites, Sachit
Grover, Yijun Tong, and Scott T. Dunham. Increased Voltage in CdSe Solar Cells by Mitigation of Charge
Carrier Trapping Due to Se Vacancies (under review).
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exhibit comparable d—s coupling. The GGA+U approach lowers the Cd-4d bands, thereby
strengthening this coupling. Using U = 12.2 eV thus provides a consistent correction for
both materials, offering accuracy comparable to more expensive hybrid functional methods

while maintaining significantly lower computational cost.

Table 5.1: Lattice constant, bandgap for CdTe and CdSe bbtained from GGA+U, HSE06

and experiments.

Method GGA+U HSEO06 Experiment [75]
Bandgap (eV) ap (A) Bandgap (eV) ap (R) Bandgap (eV) ap (R)
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) 1.72 a=b=434c¢=17.08 1.68 a=b=430c="17.01 1.71 a=b=430c=7.02

As will be discussed in subsequent sections, quantifying defect-induced radiative re-
combination is an essential component of our model. To determine the radiative emission
coeflicient, which provides a first-principles framework for evaluating radiative processes
associated with point defects. [13]. Within the Born-Oppenheimer approximation and the
Condon approximation [50], the luminescence intensity (number of photons per unit time,

per unit energy, for a given photon energy hw) is given by [81]

e2n,wn
I(hw) = — =P 1. 0|2 wolx )| X 8(Ezpr — hwy — hw 1
() 3m2€0mgh|pzf| zn:|<X0|Xf )| < 6(EzpL f ) (5.1)

where n, is the refraction index, hwy, is the energy of final vibrational state, and 7, is the

spin selection factor. By integrating I(hw) over hw, the total recombination rate can be

achieved
eznrwnsp 9
= TP )2 (hw 5.2
= g g (1) (52)
in which
(hw) = [(xiolxsn)?| X 6(Ezpr — hwpn) (5.3)

is the average energy of emitted photons. For defects with large Huang-Rhys factor, in other

words strong electron-phonon coupling, (hw) coincides with the vertical optical transition
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Eopi. The final radiative capture coefficient is

cC=Vr

and V is the volume of supercell used in simulation.

(5.4)

In order to calculate the momentum matrix element [p;f|, the dipole matrix element is

calculated from DFT and subsequently apply the commuting relationship from quantum

mechanics

Glplf) = 2 (Ba = En) (ilr1)

where the dipole matrix element is nothing but
dig = —e (ilr|f)
5.2 Results and Discussions

5.2.1 Ezperimental Results

Substrate mode
(film side excitation)

~10nm Au
~5nm MoO,

GB’s w/ .
Spin-coated
CdCl, PTAA
passivation
ey =

0C\as°®

Figure 5.1: Illustration of the device configuration used in this study. TCO is transparent

conductive oxide (SnOq:F), PTAA is poly(triaryl) amine, GBs are grain boundaries.
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Key experimental findings from our collaborators are summarized here to motivate the

theoretical investigation.

Polycrystalline CdSe absorbers of two thicknesses were fabricated and incorporated into
complete solar cell devices. When the absorber thickness was reduced from 1.2 ym (S1) to
0.5 pm (S2), the open-circuit voltage (Vo) increased markedly from 752mV to 917mV, while
the short-circuit current density (Js) remained essentially unchanged. This pronounced Vo
improvement suggests that carrier trapping is the primary loss mechanism in polycrystalline

CdSe solar cells.

Photoluminescence (PL) spectra for both S1 and S2 were measured to gain further insight
into the fabricated absorbers. Absorptance spectra, derived from the PL data using the
Generalized Planck’s Law, are shown in the inset of Fig. 5.2(a). The bandgap extracted from
these absorptance spectra using the derivative method [42] is E, = 1.71eV. Additionally,
low-temperature (4K) excitonic PL measurements [inset of Fig. 5.2(b)] confirm the presence
of the wurtzite CdSe phase, as the excitonic PL signature differs from that expected for

zinc blende CdSe [11].
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Figure 5.2: (a) Absolute PL emission spectra for S1 (black) and S2 (red) at 298 K. Inset
shows absorptance spectra calculated from PL and fits to determine Urbach energies F,,.
(b) PL emission at 4K for S1. The inset shows high energy (exciton) region.
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Unlike most high-efficiency photovoltaic semiconductors, the CdSe samples exhibit pro-
nounced sub-bandgap defect-related PL emissions. The full width at half maximum (FWHM)
of the D2 defect peak remains nearly unchanged between room temperature and cryogenic
conditions (258 meV at 298K vs. 213 meV at 4K), indicating that D2 likely corresponds to
a mid-gap defect state. In contrast, the D1 defect peak shows a substantial narrowing at
low temperature (366 meV at 298K vs. 119 meV at 4K), suggesting that D1 is associated
with a shallower defect level.

The origins of the D1 and D2 emissions have been examined in prior spectroscopic stud-
ies. D1 emission has been reported in CdSe grown by molecular beam epitaxy (MBE) [27]—although
the corresponding spectral range for D2 was not investigated—and in thermally evaporated
CdSe films used for solar cell fabrication [4]. In earlier work, Brasil et al. constructed

configuration coordinate diagrams and attributed D1 to selenium vacancies (Vg.) and D2

to oxygen-on-selenium defects (Og.) [5].
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Figure 5.3: Defect D1 and D2 PL emission. (a) Temperature-dependence of defect emission
bands for S1. (b) Analysis of D1 emission in graph (a) to determine activation energy F4.
(c) D2 emission temperature dependence for S1 and S2.

Figure 5.3(a) presents the temperature dependence of the D1 and D2 emissions for
sample S1. The D1 emission exhibits a more complex behavior: between 4 K and 100 K,
its photoluminescence (PL) amplitude increases by approximately a factor of 2.5, followed

by thermal quenching above 100 K with an activation energy of 130 £ 15 meV (fit shown in
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Fig. 5.3(b)). This trend closely matches the observations of Brasil et al. — who reported
a D1 maximum at 1.35 eV and E4 = 170 meV — and assigned D1 to selenium vacancies
(Vse) [5]. To further evaluate this assignment, density functional theory (DFT) calculations
are carried out in the next section, with a specific focus on the optical properties of Vg,

which were not addressed in earlier first-principles studies [101].

5.2.2  Computational Results
5.2.2.1 DFT Calculation Results

As discussed in the previous section, selenium vacancies are believed to be the dominant
defects in CdSe, and have been suggested to account for some of the observed optoelectronic
behavior [5]. In this study, three charge states of Se vacancies are calculated: neutral, +1
and +2. The thermodynamic transition level (above VBM) is calculated to be 1.6352 eV
for (+2/+1) and 0.7463 eV for (+1/0), which indicates negative-U behavior. The Vg ? and
Vstl atomic structures are nearly identical and the associated charge distributions (from
DDEC) indicate that V;;l is essentially ng with a delocalized bound electron. This is
consistent with the +2/+41 ionization level locating just below conduction band minimum.
The configuration coordinate diagram (CCD) between VSJZI and V{, is shown in Fig. 5.4.
V{, shows a metastable state (noted as V&*) which shares the same structure as the ground
state of V;el/ *2 and has a second delocalized electron.

Based on the calculated ionization levels, the majority of selenium vacancies in undoped
CdSe is in the stable Vge structure under equilibrium conditions. During illumination, fast
hole trapping induces a transient boost in the concentration of Véizl, which can (1) transition
into V;ez by emitting an electron, (2) transition into V{* by capturing an electron, or (3)
detrap the captured hole and relax back to Vge. Process (3) is slow due to large a barrier and
thus can generally be ignored. Process (1) is reversible and relatively rapid, allowing equili-
bration of the +1/+2 vacancy populations. Process (2) populates the metastable V{* state.

There are two primary paths for relaxation of this metastable state: (1) photon emission
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via recombination of free hole with bound electron and (2) transformation to stable neutral
Vge via structural deformation. The Vg: radiative recombination pathway emits photons
with energy calculated to be ~1.3 eV, closely matching the experimental D1 PL value of

~1.35 eV. The structural transformation from ng

to stable Vé)e, which involves symmetric
contraction of the surrounding Cd atoms toward the vacant site, requires overcoming an
energy barrier and thus is temperature dependent. As temperature is increased, the thermal

transition from metastable ngcf‘

to stable Vé)e will depopulate ng and thus cause the defect
PL to decrease. The ~150 meV barrier is likely to be the cause of D1 PL quenching above
100K and matches well with the experimentally observed activation energy of 130 meV (this
work) and 170 meV [5].

The asymmetry between fast hole trapping from Vge to V;;l and slow hole detrapping
from Vstl to Vé]e is also consistent with experimental results, as discussed above. Under

illumination, most of the generated holes are trapped via formation of positively-charged Se

vacancies, which slowly decay via electron capture by way of the neutral metastable state.

5.2.2.2  Continuum Simulation Results

In order to better quantify the model, continuum model based on the method introduced
in section 2.2.2.1 is build in Sentaurus Sprocess, with a focus on processes related to Se

vacancies. Specifically, following defect reactions are considered:

Vet +em = Vg (5.7)
Vi +ht = VvEt (5.8)
Vi +e =V (5.9)

V& = Ve (5.10)
VS, +ht = Vg (5.11)
V§r + bt — Vi (radiative) (5.12)

¢—e +h" (5.13)
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Figure 5.4: Calculated configuration coordinate diagram (CCD) between Vge and Vstl. Q
represents the distance in configuration space projected linearly between the ground state
structures of +1 (Q=0) and neutral (Q=27) Se vacancies. Arrows show the key processes
manifested in PL and solar cell behavior as described in the text.

where equation 5.13 stands for the optical generation process. The corresponding reaction

rates for each reaction are

n 1 _ gyt
R1 = chth01(02+ﬁ — C+E), Kl = exp( J kB’.tT ) (5.14)
» b 1 +2/+1
=N, T 0P ), Ky = t 1
Ry Vo2 (C N, C K2)7 2 = exp ( T ) (5.15)
1 B _ g/
— NC +£ _ 0*7 K = 79 t 1
R3 vo3(C N, C Kg)’ 3 = exp ( KT ) (5.16)
E
Ry =vexp (—kB—bT) (5.17)
1 E/0
Rs = J\7uvth<75(CONi - CJFE% K5 =exp ( k:tBT ) (5.18)
12
Re = KepV3r, K¢ = (5.77 x 107)(V fnEopi |1; ;;l ) (5.19)

R; = Gr — R.(np — n?). (5.20)
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Table 5.2: Parameters used in continuum simulation

vipor (em3s~1) | 1.26 % 10713
VihO2 (cm s | 1.0x107%
vepos (em3s~1) | 9.15 % 1072
vipos (em?s~1) [ 9.72 10713
(Hz) 1.0 % 10°
(meV) 150
Kg (c 3s7h) | 1.08 % 10710
R, (em3s™1) | 54710710

In the above equations, R4 denotes the transtion rate of metastable neutral VSOe* to stable
neutral Vé)e via a thermal barrier Ej,. As expressed in equation 5.17, R4 is proportional to
the attempt frequency v, and follows an Arrhenius dependence on Ej. Rg represents the
reaction rate for the radiative recombination process at () = 0, in which the metastable
neutral defect Vg: captures a hole and subsequently emits a photon with an energy of
1.3 eV. The defect radiative recombination coefficient K¢ is calculated via the method
introduced previously.

Continuum simulations were performed over a temperature range from 30 K to 300 K
under illumination, with a carrier generation rate of G = 10%! em™3/s. As depicted in
Fig. 5.5, the peak amplitude for the 1.3 eV defect emission increases from 30K to 100K,
followed by a pronounced decrease as the temperature approaches 300K. This result is in
close agreement with the experimental measurement shown in Fig. 5.3(b). This behavior
also confirms our hypothesis that the thermal transition rate R4 over the thermal barrier
~150 meV competes with the radiative defect emission Rg as temperature varies. The
simulation result of time-resolved PL for D1 emission is shown in Fig. 5.6(b), where a
transient time of ~ (0.1 ns is evident. This result is consistent with experiment, as shown in
Fig. 5.6(a). After 0.1 ns, the increase in 0* density due to injected carriers and the depletion
of 0* density by radiative recombination as well as thermal transition is balanced, which
leads to the stabilized PL intensity. In Fig. 5.6(a), the dip in D1 PL around 0.2 ns may be

due to the onset of competition between D1 and D2 emission, in which the transient time
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Figure 5.5: Simulated PL peak amplitude vs. temperature for the 1.3 eV defect emission.
PL intensity is normalized to have a peak value of 100 to be consistent with reported
experimental results. Inset is the experimental result from Fig. 5.3(b).
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for D2 PL is around 0.2 ns.

The dependence of defect and carrier densities on the injection level is illustrated in
Fig. 5.7. As the injection level increases, the rise in positively charged Se vacancy concen-
tration is considerably more pronounced than that of free holes. For example, at an injection
level of 10'® em™1/s, the hole density is increased by about 103 ¢m ™3, while the densities
of positively charged Se vancancies are increased by about 10'> ¢m 3. Thus, almost all the
light-generated holes are trapped by Se vacancies. This behavior is also consistent with ex-
perimental findings [43], in which it is found that the open-circuit voltage (V) is increased
from 752 mV to 917 mV when the thickness of CdSe absorber is reduced from 1.2 ym to 0.5
um. This is strong evidence of a trap-limited transport process. A simple model to explain

this is the trap-induced mobility reduction

[itrap = Hh [1 + ]]\\2 exp (kfr})] (5.21)
where N; is the density of traps with transition level F; from the band edge, and uy is the
mobility without trapping. Using experimentally measured parameters, the diffusion length
can be estimated as Ly = v/ D7sgry, where D = k”TT  is the diffusivity. Under the influence
of carrier trapping, the diffusion length decreases substantially, from L; = 0.2 — 0.7 um to
L trapping = 0.05 — 0.15 pm. This reduction represents a critical limitation for CdSe solar

cells, leading to the improved device performance observed for thin CdSe absorbers.
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Chapter 6

CONCLUSION AND REFLECTION

This dissertation establishes a comprehensive multiscale modeling framework to eluci-
date the role of defects in photovoltaic materials and devices, integrating first-principles
calculations with high-fidelity device simulations. Specifically, this work presents in-depth
investigations of halide perovskites, cadmium telluride, and cadmium selenide systems. A
central contribution of this work is the in-depth characterization of defect formation, carrier
capture capabilities, and their influence on both radiative and nonradiative recombination
processes under illuminated and dark conditions. In Chapter 2, the implementation of the
GGA-+U approach enables more reliable first-principles simulations and provides deeper
insight into defect behavior in inorganic perovskites. The investigation of tin vacancies in
the 3D-2D PEA(oFA(gl3 further clarifies the mechanism of interface passivation achieved
by the PEA network. Chapter 3 presents a detailed study of intrinsic and extrinsic de-
fects in the CdTe/CdSeTe system, addressing long-standing questions in the field, including
the identification of compensating defects that limit the effectiveness of group V dopants.
The results obtained from DFT calculations are subsequently incorporated into the devel-
opment of a comprehensive and carefully calibrated TCAD model for CdTe/CdSeTe solar
cells. This model is then applied to investigate how various sources of fluctuation contribute
to the observed V. deficiency. Finally, Chapter 4 examines the role of selenium vacancies
in impacting the device performance of CdSe solar cells. A comprehensive detailed-balance
model incorporating Se vacancies is developed and implemented within a continuum sim-
ulation framework to interpret several experimental observations, including trap-induced
reductions in carrier mobility. With the help of novel methdologies developed in this thesis,

these obtained fundamental understandings guide experimental efforts toward controlling
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defect profiles, a capability that is essential for tailoring material properties and enhancing
device performance.

It is hard to overstate how much I have learned during this PhD journey. One of
the most significant areas of growth has been in understanding both the strengths and
the limitations of computational modeling. I have come to realize that the true challenge
lies in ensuring that the model accurately represents reality, with all its complexities and
imperfections. Furthermore, I have learned that comparison with experimental results is not
only necessary but also invaluable for validating the accuracy of theoretical models. This
interplay between theory and experiment ensures that computational predictions remain
grounded in physical reality, ultimately strengthening their reliability.

In future work, I plan to continue drawing on the benefits of theoretical modeling,
maintaining a habit of approaching problems from a first-principles perspective to ensure
that my analyses remain rigorous and grounded. More importantly, this way of thinking
supports the analysis of complex, multifactor problems by helping to isolate the most critical
influences on system behavior. Overall, although this PhD journey has been challenging,
it has been an immensely rewarding and enjoyable experience from which I have benefited

greatly.
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