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Abstract—One of the causes of decrease in the performance
of silicon-based solar pannels is linked to light and elevated
temperature induced degradation (LeTID). Even if experimental
evidence shows that different defects in the bulk material of the
modules are involved in the mechanisms behind LeTID, its origins
remain unresolved. First-principles methods result in powerful
tools to understand this degradation at the nano and microscopic
levels. In the present work we propose an approach to model
LeTID precursors mechanisms by using ab initio methodology.

Index Terms—LeTID, ab initio, hydrogen, interstitial defects,
silicon, PERC modules

I. INTRODUCTION

Among silicon-based solar panels, Passivated Emitter and
Rear Cell (PERC) modules represent a recent and promis-
ing technology due to their exceptional efficiency of 24%
[1]. Nevertheless, a decrease of their performance associated
with the Light and elevated Temperature Induced Degradation
(LeTID) is observed after some years of use. The underlying
mechanisms of this complex phenomena remains unclear [2].

Several models have been proposed based mainly on ex-
perimental results. LeTID, characterized by degradation and
recovery of performances, has been generally explained by
simple models that consider three main phases [3]–[6] :

1) Defect formation: Formation of a precursor recombina-
tion inactive defect that causes the degradation. The bulk
material contains impurities coming from its synthesis.
After the firing step, hydrogen and other impurities like
metals, might be released into the bulk material of the
wafer.

2) Degradation: Decrease of the charge carriers lifetimes
until a minimum value when the module is exposed to
environmental conditions.

3) Recovery: The degraded state, which is metastable,
evolves toward a recovered stable state in which the
recombination defect is passivated.

These simple models are able to explain the main behaviors
of LeTID such as its dependence on the peak firing tempera-
ture and the cooling rate [7] and the formation of a bulk defect
in the wafer prior to degradation [8]. But they do not allow to
have a precise description of the role of silicon intrinsic and
extrinsic defects on the LeTID precursor mechanisms.

Nowadays, from an experimental point of view, there is a
general consensus around the fundamental role of hydrogen
as precursor for LeTID [6], [9]–[14]. There is evidence that

metals, like cobalt and nickel, coming from the firing step into
the bulk silicon, play also a role as LeTID precursors [10],
[11]. Other studies have shown a dependence between LeTID
and interstitial silicon atoms and lattice vacancies [10]. The
similarities of the LeTID cycle in different types of silicon-
based modules suggest that the defects precursors along these
materials are the same [15] but not in a conclusive way. At
the microscopic scale, a study of defects in crystalline silicon
and its evolution under temperature changes and light exposure
is expected to reveal this problem in a much more complete
form.

In this context, in order to analyze and rationalize the
behavior of different defects proposed as degradation precur-
sors, theoretical atomic approaches, such as density functional
theory (DFT) and molecular dynamics, result in powerful tools
to understand the degradation mechanisms. Even if hydrogen
defects, some metallic impurities, and self-defects in silicon
have been studied before using a first principle approach
[16], [17], a first-principles multiscale study to understand the
complete LeTID mechanisms has not been presented so far.

II. METHODOLOGY

Figure 1 shows the three steps LeTID model considered
here. The first step concerns the study of the stability and elec-
tronic properties of active defects in the bulk or at the surfaces

Fig. 1. Methodology proposed for this work.



of crystalline silicon. The choices of defects, crystalline bulk
and slab of silicon are based on the various assumptions of
a common defect causing LeTID in different silicon based
wafers [15] and the existence of denuded zones in multi-
crystalline silicon [10] which can passivate the defect.

In this work, we focus at the first-principles level on the
behavior of interstitial hydrogen defects in section III, and self-
silicon defects (such as interstitial silicon Sii and vacancies
V ) in section IV. Defects including metals, along with metal-
hydrogen complexes, will be the subject of a forthcoming
work. This work represents a first study of such structures by
the use DFT. Later on, molecular dynamics simulations will
be performed to investigate the temperature and carrier injec-
tion effects and reproduce the degradation and regeneration
processes.

The DFT defective structures were simulated using the code
CRYSTAL17 [18]. In order to reproduce the experimental
value of the indirect band gap of silicon, the hybrid functional
DFT-PBEsol [19] was optimized with a percentage of Hartree
Fock (HF) contribution of 12.5%. The obtained electronic and
structural properties of crystalline silicon such as cell parame-
ter, Γ–phonon frequency, dielectric constant and indirect band
gap are presented in table I. The hybrid functional optimization
leads to a good representation of these properties with respect
to experiments. Even more, figure 2 shows a good agreement
between the electronic band structure computed with respect
to experimental data [20].

For the defective structures, a supercell approach was em-
ployed. Relaxation of the host atoms around the impurity
was also allowed by minimizing the energy with respect to
the atoms positions and cell deformations. Then, a phonon
frequency calculation was performed in order to check the
dynamical stability of presumably equilibrium structure.

Since in this work the defects are considered as isolated,
further sizes of supercell were explored to determine the
convergence of the formation energy with respect to the
number of atoms for properly computing the thermodynamic
properties of the systems. Likewise, the band gap convergence
was achieved to accurately obtain the electrical properties.
The difference between bandgap values for two supercells of
different sizes has been fixed at 10−2 eV to be considered as
converged.

An analysis of the defects formation energies is performed
in order to study the stability of different interstitial hydrogen
impurities. Such formation energies are computed according
to the following reaction:

TABLE I
CALCULATED CELL PARAMETER (a), Γ–PHONON FREQUENCY (ω),

DIELECTRIC CONSTANT (ε) AND INDIRECT BAND GAP (Egi ) OF SILICON.
THE EXPERIMENTAL DATA ARE GIVEN FOR COMPARISON.

a ω ε Egi

[Å] [cm−1] [eV]
PBEsol 12.5 5.423 535 10.7 1.17
Experimental 5.431 520 11.4 1.17
error in % 0.14 2.80 6.14 0.00

Crystal +ReactA → Defective+ReactB (1)

From where the formation energy is defined as:

∆E = EDef + ERB
− ECryst − ERA

(2)

Assuming that the LeTID precursors might act as a trap of
photo-generated carriers, they might give rise of a number of
levels lying within the silicon band gap. Therefore, different
charge states of the same defect are studied to observe their
influence in the electronic properties of silicon. It is possible
to define the thermodynamic ionization level (TIL) as the
crossing of different defect formation energies of different
charge states of the same defect.

III. INTERSTITIAL HYDROGEN IN CRYSTALLINE SILICON

The study of monoatomic and diatomic interstitial hydrogen
defects is presented in this section. The DFT study includes
an analysis of their stability regarding their formation energy,
and their influence in the band structure of crystalline silicon.

A. Monoatomic hydrogen defects

The stable position for interstitial monoatomic defects are
presented in figure 3. Hydrogen in the positive charge state
(H+) seeks the regions of highest electron charge density (Fig.
3a).The neutral interstitial hydrogen H0 is obtained to be at
the midway of two silicon atoms, also called bond center (BC),
(Fig. 3b). On the other hand, the negative charge state H− is
found to reside in the vicinity of the lower electron density,
at the tethraedral interstitial site (Td) (Fig. 3c). The presence
of H+ introduces a level in the band gap which is empty for
the case of the positive charge state but will be occupied for
the neutral charge state.

The relative stability of the impurities is evaluated by
analyzing their formation energies for converged supercells
with 216 atoms. The converged formation energies and band
gap values for the defective structures are presented in table
II.

The chemical potential µ is defined as the reservoir with
which the defects exchange electrons. As observed in figure
4, the donor level ED is defined as the Fermi-level position at

Fig. 2. Electronic band structure computed via the PBEsol12.5 functional.
The experimental data [20] (dots) are given for comparison.



Fig. 3. Minium energy atomic configurations of interstitial H, H2 and H∗
2

hydrogen in bulk Si.

Fig. 4. Relative formation energies for H charge states as a function of the
chemical potential µ.The acceptor and donor levels are indicated as EA and
ED , respectively for a converged supercell with 216 atoms.

which H+ and H0 have equal formation energies. Likewise,
the acceptor level EA is defined as the Fermi-level position at
which H0 and H− formation energies agree. Such energies are
located at 2.89 and 3.60 eV, respectively and define the Fermi
energy range where each charged state is stable. It is observed
that the neutral charge state, H0, is never thermodynamically
stable. Then, p-doped and n-doped materials will favor the
presence of H− and H+ defects, respectively. As p-doped
samples have shown a higher extent of LeTID, it privileges
the study of H− with respec to to other monoatomic hydrogen
defects concerning LeTID.

Figure 5 presents a comparison of the band structure of
crystalline silicon and defective structures containing the three
charge states of interstitial monoatomic hydrogen. Such struc-
tures were obtained for supercells with 216 silicon atoms, for
which the electronic properties of the structures are converged.
The defective structures containing H+ and H− generate
a state that is close to the band edges (conduction band
and valence band respectively) so they correspond to shallow
traps. In the case of the neitral hydrogen charge state, the
generated energy level is close to the middle of band gap, so
it corresponds to a deep trap.

B. Interstitial hydrogen molecules

Theory and experiment have confirmed the presence of two
stable forms of diatomic hydrogen in crystalline silicon [16],
[21]: the H2 as a bounded pair molecule in the tetrahedral
interstitial site (Td), presented in Fig. 3(d), and, the H∗

2

complex consisting in one hydrogen atom in a bond-center-
like position and the other in an antibonding-type position
(see Fig. 3e).

The complex has C3v symmetry and consists of one H
in a bond-center-like position and one H in an antibonding-
type position. The Si atom in between the two hydrogens is
substantially relaxed from its equilibrium site, breaking the
original Si-Si bond; the resulting dangling bond is tied off by
the bond-center-type hydrogen. Even though the H2∗ complex
has been computed to be slightly higher in energy than are H2

molecules, it has been proposed to play a role in diffusion,
because its activation barrier for migration is lower than that
of molecular hydrogen [21]. If this is the case, this type of
hydrogen defect might play a role in diffusion and therefore,
has a greater impact in LeTID.

From figure 5, both H∗
2 and H2 defects affect similarly

the silicon band structure, generating an energy level near the
balance band. The difference in the band gap in both defective
structures is within the numerical error of the band gap value.

Fig. 5. Band structure of crystalline silicon and defective structures containing
interstitial hydrogen defects. Supercell with 216 silicon atoms.

Defect Eform [eV] Band Gap [eV]
H+ -1.79 0.96
H0 1.83 1.17
H− 4.78 1.09
H2 1.08 1.18
H∗

2 1.39 1.18
TABLE II

RELATIVE FORMATION ENERGIES AND BAND GAP FOR INTERSTITIAL
SILICON ATOMS.



Fig. 6. Minium energy atomic configurations of self silicon defects.

Defect Eform [eV] Band Gap [eV]
Si++

i -3.14 0.73
Si0i 4.45 1.12

TABLE III
RELATIVE FORMATION ENERGIES AND BAND GAP FOR INTERSTITIAL

SILICON ATOMS.

IV. SELF DEFECTS IN CRYSTALLINE SILICON

A. Interstitial silicon defects

The most common charged states of interstitial silicon
are Si0i , Si+i and Si++

i . Simulations show that the neutral
charge state of interstitial silicon Si0i is found to be at Td
position, while literature indicates that it sits in a split-¡110¿
configuration where it shares a lattice site with another silicon
atom. The double ionized charge state of interstitial silicon
Si++

i is found to be at Td position as well and, the ionized
state Si+i , sits in a bond-centered position, both in agreement
with the literature.

The converged formation energies and the band gap values
for these defects are presented in table III. For the case of
Si+i , the structure behaves as a metal like material (no band
gap), so the formation energy is not computed. and the band
diagram is not presented in figure 7.

From figure 7 it is observed that the interstitial Si0i is a deep
energy level defect, while Si++

i generates an energy level near
the conduction band, corresponding to a shallow defect.

B. Vacancies

Previous ab initio simulations and experimental observa-
tions show that the most stable geometries of the neutral and

Fig. 7. Band structure of crystalline silicon and defective structures containing
interstitial hydrogen defects. Supercell with 216 silicon atoms.

charge states of the silicon vacancy V 0 has a D2d symmetry
[22], as shown in figure 3. Some other charged states of the
silicon vacancy, such as V ++, V +, V −− and V − remain under
study.

V. CONCLUSIONS

A DFT hybrid functional approach has been used to spot
the most likely LeTID precursor. Considering crystalline sil-
icon as bulk material, hydrogen and self-silicon defects were
studied. The obtained results are in good agreement with other
theoretical and experimental data proving that this approach
allow us to obtain a qualitative and quantitative description of
these kinds of defects.

All of the defects studied in this work, except for Sii and
H0, correspond to shallow defects in silicon. This type of
defects is characterized by having an ionisation energy of the
order of kT and they generally act as dopants. On the other
hand, the neutral charge states of hydrogen and silicon are
deep level defects that might act as recombination centers.
Nevertheless, this behavior might differ under charge induced
degradation conditions.

This study shows that among interstitial hydrogen defects,
H− and H∗

2 are more likely to play a role in LeTID. Structures
like double vacancies, defects with metallic impurities and
metal-hydrogen complexes remain under study. Nevertheless,
such results encourage us to further analyze these more
complex defective structures.

Based on these results, the degradation and recovery phases
will be treated with molecular dynamics in order to include
temperature evolution and carrier injection. By comparing the
obtained results with quantities as charge carrier lifetimes, cap-
ture cross-section ratio, binding energies upon thermal or light
dissociation, and the spatial distribution of the degradation,
the role of the simulated defects in LeTID will be validated
in forthcoming work.
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