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Abstract

In this work, a systematic first-principles study of substitutional doping in
crystalline silicon by boron and phosphorus is presented using Density Func-
tional Theory (DFT). Calculations were performed within the generalized gra-
dient approximation employing the Perdew-Burke-Ernzerhof functional as
implemented in the Quantum ESPRESSO [1] package. A large 4 x 4 x 2 super-
cell containing 256 atoms was used to simulate dilute doping conditions.
Structural relaxation, electronic band structures, and densities of states were
analyzed for pure and doped systems. In addition, ab initio molecular dynam-
ics simulations at 300 K were carried out to assess thermal stability, and hybrid
HSEO06 [2] [3] calculations were employed to correct the electronic band gap.
The results reveal that boron introduces shallow acceptor states near the va-
lence band, while phosphorus generates shallow donor states close to the con-
duction band, with only minor perturbations of the global band structure. Hy-
brid functional corrections significantly improve the band gap values, yielding
results consistent with experimental data. These findings provide a reliable
microscopic description of doped silicon and are relevant for microelectronic
and photovoltaic applications.
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1. Introduction

Silicon remains the most important material in modern microelectronics and
photovoltaic technologies [4] [5] due to its abundance, chemical stability, and
well-established processing techniques. However, intrinsic crystalline silicon ex-
hibits limited electrical conductivity at room temperature [4], which restricts its
direct use in electronic devices. Controlled doping is therefore essential to tailor
its electrical properties by modifying the carrier concentration and the position of
the Fermi level.

Substitutional doping with group III and group V elements represents the most
common strategy to achieve p-type and n-type conductivity, respectively. Boron
acts as an acceptor dopant, introducing hole carriers, while phosphorus acts as a
donor dopant, supplying free electrons. The microscopic mechanisms associated
with dopant-induced electronic states, local lattice distortions, and thermal stabil-
ity are of fundamental importance [6] [7] for device performance and reliability.

From a theoretical perspective, Density Functional Theory (DFT) has emerged
as a powerful and widely used approach to investigate the structural and electronic
properties of doped semiconductors from first principles. While standard ex-
change-correlation functionals such as the generalized gradient approximation
(GGA) provide reliable structural properties, they are known to underestimate the
electronic band gap of semiconductors. Hybrid functionals, such as the Heyd-
Scuseria-Ernzerhof (HSE06 [2] [3]) scheme, partially overcome this limitation by
incorporating a fraction of exact exchange.

In this study, we perform a comprehensive DFT investigation of substitutional
boron and phosphorus doping in crystalline silicon. Using large supercells, we
analyze the effects of dopants on the electronic band structure, density of states,
and Fermi level position. Ab initio molecular dynamics simulations are further
employed to evaluate the thermal stability of doped systems at room temperature.
The combined use of GGA-PBE [8] and HSE06 [2] [3] functionals allows for a

consistent and accurate description of dopant-induced electronic states.

2. Materials and Methods

All calculations were carried out within the framework of Density Functional The-
ory using the Quantum ESPRESSO [1] software package. The exchange-correla-
tion interaction was treated using the Perdew-Burke-Ernzerhof (PBE [8]) gener-
alized gradient approximation. Ultrasoft pseudopotentials were employed to de-
scribe the interaction between valence electrons and ionic cores, and the electronic
wave functions were expanded in a plane-wave basis set.

Crystalline silicon was modeled using a diamond cubic structure. A 4 x 4 x 2
supercell containing 256 atoms was constructed to represent pure silicon. Substi-
tutional doping was introduced by replacing a single silicon atom with either a
boron or a phosphorus atom, corresponding to dilute p-type and n-type doping,
respectively. This supercell size was chosen to minimize artificial interactions be-

tween periodically repeated dopants.
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Structural relaxations were performed until the residual forces on each atom
were smaller than 107® Ry/bohr. A Monkhorst-Pack k-point mesh of 2 x 2 x 2 was
used to sample the Brillouin zone, and a kinetic energy cutoff of 50 Ry was adopted
for the plane-wave expansion, ensuring good convergence of total energies and
electronic properties.

Electronic band structures and densities of states were calculated based on self-
consistent and non-self-consistent field calculations. Ab initio molecular dynam-
ics simulations were performed at 300 K for a total simulation time of 5 ps using
a time step of 1.0 fs within the canonical (NVT) ensemble controlled by a Nosé-
Hoover thermostat. Finally, hybrid HSE06 [2] [3] calculations were carried out on
the relaxed structures to obtain improved band gap values and a more accurate
description of dopant-induced electronic states.

All calculations were performed without spin polarization, as substitutional boron

and phosphorus dopants in silicon do not induce stable local magnetic moments.

3. Results and Discussion

3.1. Structural Properties

The optimized lattice structure of pristine crystalline silicon obtained within the
PBE [8] functional is found to be in good agreement with reported theoretical and
experimental data [5] [9]. Upon substitutional doping, both boron and phospho-
rus atoms induce only localized distortions of the silicon lattice, while the global
diamond structure is preserved. Boron doping leads to a slight contraction of the
nearest-neighbor Si-B bonds due to the smaller atomic radius of boron compared
to silicon. In contrast, phosphorus substitution results in a minor expansion of the
local Si-P bonds, consistent with the larger atomic radius of phosphorus. These
structural relaxations remain confined to the immediate vicinity of the dopant
atoms, confirming the dilute nature of the doping regime.

Ab initio molecular dynamics simulations performed at 300 K further demon-
strate the thermal stability of both doped systems. The total energy and tempera-
ture fluctuations remain stable throughout the simulation time, and no atomic
diffusion or structural degradation is observed. This indicates that substitutional
boron and phosphorus doping does not compromise the structural integrity of
crystalline silicon under ambient conditions.

Although defect formation energies were not explicitly calculated in this work,
previous first-principles studies have shown that substitutional boron and phos-
phorus dopants in crystalline silicon exhibit low formation energies under typical

growth conditions, confirming their thermodynamic stability [6] [9].

3.2. Electronic Structure of Pristine Silicon

The electronic band structure of pristine silicon calculated within the PBE [8] ap-
proximation exhibits an indirect band gap of approximately 0.62 eV, with the va-
lence band maximum located at the I point and the conduction band minimum

near the X point of the Brillouin zone. This value is significantly lower than the

DOI: 10.4236/msce.2026.143003

24 Journal of Materials Science and Chemical Engineering


https://doi.org/10.4236/msce.2026.143003

T. B. Matindi et al.

experimental band gap of 1.12 eV, reflecting the well-known limitation of semi-
local exchange-correlation functionals [7] [8]. The densities of states reveal that
the valence band is dominated by Si 3p states, while the conduction band has
mixed s and p character.

Hybrid HSE06 [2] [3] calculations substantially improve the description of the
electronic structure by increasing the band gap to approximately 1.12 eV, in close
agreement with experimental measurements [5] [9]. Importantly, the overall dis-
persion and topology of the band structure remain unchanged, indicating that the
PBE [8] functional provides a reliable qualitative description of the electronic states.

Figure 1 compares the electronic band structure of pristine silicon calculated
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Figure 1. Electronic band structure of pristine crystalline silicon calculated along the high-
symmetry path I'-X-M-T'-R-X/M-R using Density Functional Theory. (a) PBE exchange-
correlation functional and (b) HSE06 hybrid functional. The PBE functional reproduces
correctly the overall band dispersion but significantly underestimates the band gap. In con-
trast, the HSE06 functional yields an improved band gap value (= 1.1 eV), in close agree-
ment with experimental data, while preserving the indirect nature of the band gap.
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using the PBE and HSE06 functionals in order to assess the accuracy of the elec-

tronic gap description.

3.3. Electronic Effects of Boron Doping

For the boron-doped system, the calculated density of states reveals the presence
of a shallow acceptor level located approximately 0.08 eV above the valence band
maximum. This behavior indicates that boron acts as an efficient dopant intro-
ducing mobile hole carriers without significantly altering the electronic frame-
work of the host lattice. When boron substitutes a silicon atom, the resulting elec-
tron deficiency leads to an incomplete bonding configuration and the formation
of a hole-like state. This state is primarily associated with B 2p orbitals hybridized
with neighboring Si 3p states. The shallow energetic position of the acceptor level
indicates weak localization and strong coupling to the valence band, which ex-
plains the efficient activation of holes at room temperature.

As a consequence, the Fermi level shifts toward lower energies, confirming the
p-type character of boron-doped silicon.

The global band structure of the boron-doped system remains very similar to

that of pristine silicon, with only minor perturbations near the valence band edge.

3.4. Electronic Effects of Phosphorus Doping

In the phosphorus-doped system, an additional donor state appears approxi-
mately 0.05 eV below the conduction band minimum. This donor behavior can
be physically understood by considering the presence of an extra valence electron
introduced by the phosphorus atom compared to silicon. When phosphorus sub-
stitutes a silicon atom, this additional electron occupies an energy level slightly
below the conduction band minimum.

The weak binding of this donor state reflects its delocalized nature and strong
coupling with the conduction band states of silicon. The shallow nature of the
donor level facilitates thermal ionization at room temperature, making phospho-
rus an effective n-type dopant toward the conduction band, consistent with n-type
conductivity.

Similar to the boron-doped case, the overall electronic band structure of phos-
phorus-doped silicon closely resembles that of pristine silicon.

The calculated ionization energies of 0.08 eV for boron and 0.05 eV for phos-
phorus are in good agreement with experimental values, typically reported around
0.045 - 0.065 eV for boron and ~0.045 eV for phosphorus in crystalline silicon [4]
[5].

From a broader physical perspective, the shallow nature of both acceptor and
donor states reflects the fact that substitutional boron and phosphorus act as
nearly ideal dopants in crystalline silicon. Their impurity states remain strongly
coupled to the band edges rather than forming deep, highly localized defect levels
within the band gap. Consequently, the global electronic structure of silicon is

preserved while the carrier concentration and Fermi level position are effectively
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tuned, which underpins the technological relevance of doped silicon in microe-

lectronic applications.

3.5. Impact of Hybrid Functional Corrections

Hybrid HSE06 [2] [3] calculations performed for the doped systems confirm that
the inclusion of exact exchange primarily affects the band gap magnitude while
preserving the relative position of dopant-induced states. The acceptor and donor
levels introduced by boron and phosphorus remain shallow with respect to the
corrected band edges. This result supports the reliability of combining PBE-based
[8] trends with HSE06 [2] [3] quantitative corrections.

Overall, the results demonstrate that substitutional boron and phosphorus dop-
ing effectively tunes the electronic properties of silicon by introducing shallow
impurity states without significantly perturbing the host band structure. The con-
sistency between structural, electronic, and thermal analyses highlights the ro-
bustness of the present first-principles approach.

Figure 2 illustrates the total density of states of pristine, boron-doped, and
phosphorus-doped silicon calculated using the HSE06 hybrid functional, high-
lighting the effect of substitutional doping on the electronic states near the Fermi
level.

In the dilute doping limit considered here, the shift of the Fermi level relative
to the band edges is subtle due to the low dopant concentration and large supercell
size. Consequently, the p-type and n-type character is inferred from the appear-
ance of shallow acceptor and donor states near the valence and conduction band

edges, rather than from a pronounced macroscopic Fermi level displacement.

4. Conclusions

This study presents a comprehensive first-principles investigation of substitu-
tional boron and phosphorus doping in crystalline silicon using Density Func-
tional Theory. By employing large supercells and a combination of semilocal and
hybrid exchange-correlation functionals, the structural, electronic, and thermal
effects of dilute doping were systematically analyzed.

The results show that both dopants induce only localized lattice distortions
while preserving the global diamond structure of silicon. Boron substitution leads
to a slight local contraction of the lattice and introduces a shallow acceptor level
near the valence band maximum, resulting in a downward shift of the Fermi level
and p-type conductivity. In contrast, phosphorus substitution causes a minor local
expansion and generates a shallow donor level close to the conduction band min-
imum, shifting the Fermi level upward and confirming n-type behavior.

Electronic structure calculations reveal that the overall band topology of silicon
remains largely unaffected by doping, with impurity states confined near the band
edges. Hybrid HSEO06 [2] [3] calculations significantly improve the band gap
description, yielding values in close agreement with experimental data while

preserving the shallow character of dopant-induced states. Ab initio molecular
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Figure 2. Total density of states (TDOS) calculated using the HSE06 [2] [3] hybrid func-
tional for (a) pristine silicon, (b) boron-doped silicon, and (c) phosphorus-doped silicon.
The Fermi level is set to zero energy. Pristine silicon exhibits a clear band gap around the
Fermi level, confirming its intrinsic semiconducting nature. Boron doping introduces shal-
low acceptor states near the valence band maximum, shifting the Fermi level downward
and inducing p-type behavior. In contrast, phosphorus doping generates shallow donor
states close to the conduction band minimum, shifting the Fermi level upward and con-
firming n-type conductivity. The global electronic structure of silicon remains weakly per-
turbed by dilute substitutional doping.

dynamics simulations further confirm the thermal stability of the doped systems
at room temperature.

Overall, the present results provide a consistent microscopic understanding of
boron- and phosphorus-doped silicon and demonstrate the reliability of combin-
ing GGA-PBE [8] calculations with hybrid functional corrections. This work con-
tributes to the fundamental modeling of doped semiconductors and offers a solid
theoretical basis for future studies addressing higher dopant concentrations, com-

plex defects, or transport and optical properties relevant to microelectronic and
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photovoltaic applications.
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