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ABSTRACT: Lead sulfide (PbS) is a narrow bandgap IV–VI semiconductor with important applications in infrared
optoelectronics and thermoelectric energy conversion. Surface engineering and controlled doping provide effective
strategies for tuning its electronic and optical properties. In this work, the structural, electronic, optical, and thermo-
electric properties of bulk PbS, pristine PbS (110) surfaces, and Ga- and Ag-doped PbS (110) surfaces are systematically
investigated using density functional theory within the full-potential linearized augmented plane wave framework.
The calculated lattice constant of bulk PbS is 5.88 Å, which agrees well with experimental data. Electronic structure
calculations show that bulk PbS exhibits a direct bandgap of 0.75 eV at the L point. The pristine PbS (110) surface shows
an enlarged bandgap of 1.07 eV due to surface quantum confinement. Surface doping strongly modifies the electronic
structure. Ag doping increases the bandgap to 1.24 eV through donor-like states, whereas Ga doping slightly reduces it to
1.01 eV by introducing acceptor states near the valence band. These electronic modifications lead to significant changes in
optical behavior, including enhanced absorption in the visible and near-infrared regions and tunable dielectric response.
Thermoelectric analysis reveals that the pristine surface exhibits a high power factor of approximately 4.0× 1011 W/m⋅K2

at 300 K, while bulk PbS reaches a maximum value of 4.7 × 1011 W/m⋅K2 at 800 K. These results demonstrate that
dopant-induced band modulation and surface engineering provide an effective approach for tuning the optoelectronic
and thermoelectric performance of PbS-based nanostructures for advanced energy and photonic applications.

KEYWORDS: PbS surface; optoelectronic properties; Ga and Ag doping; DFT; thermoelectric properties

1 Introduction
IV–VI semiconductors have gained strong attention because of their unique electronic characteristics

and thermal performance [1,2]. These materials show a useful combination of narrow bandgap, high carrier
mobility, and low lattice thermal conductivity [3–5]. Such features make them suitable for optoelectronic and
thermoelectric applications. Among them, lead chalcogenides are widely studied [4,5]. In particular, lead
sulfide (PbS) has emerged as an important material for infrared devices, photovoltaics, and energy conversion
systems [6–8].

PbS crystallizes in a rock-salt structure and exhibits a direct bandgap at the L-point [9,10]. Its properties
can be tuned in several ways. These include size reduction, surface modification, and chemical doping [11,12].
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At the nanoscale, surface effects become dominant. They strongly influence charge transport and optical
absorption [13,14]. As a result, surface engineering plays a key role in controlling material performance
[11–14].

Among different method, doping is used to modify semiconductor properties [15,16]. In PbS, dopants
can introduce new electronic states near the band edges. This changes the carrier concentration and transport
behavior. It can also affect optical transitions [17]. Many studies have reported doping effects in bulk PbS.
However, surface doping is still not well explored. This creates a clear research gap.

Surface doping is important because it directly affects the local electronic structure. It can modify band
alignment and charge distribution. These changes influence device efficiency [18]. The (110) surface of PbS is
known to be stable and relevant for practical applications. Despite this, detailed studies on doped PbS (110)
surfaces are limited. A systematic understanding is still missing.

The type of dopant plays an important role in estimating the final properties [19]. In this work, gallium
(Ga) and silver (Ag) are selected as dopants. These elements show different electronic behavior. Ga usually
acts as an acceptor dopant. It mainly affects the valence band and hole concentration [20]. On the other
hand, Ag can introduce donor-like states. It often modifies the conduction band and optical response [21].
This contrast allows a clear comparison of doping effects.

The combined effect of surface structure and doping is particularly important. It can lead to significant
changes in the density of states, bandgap, and carrier dynamics [17]. These factors are directly linked
to optoelectronic and thermoelectric performance. Therefore, studying both aspects together provides
deeper insight.

In this work, we investigate bulk PbS, pristine PbS (110) surfaces, and Ga- and Ag-doped PbS (110)
surfaces. The focus is on understanding how doping and surface engineering influence the electronic,
optical, and thermoelectric properties. The goal is to provide a clear picture of structure–property rela-
tionships. These results can help in designing improved PbS-based materials for future optoelectronic and
energy applications.

2 Computational Methodology
All first-principles calculations in the present research work were attained using the full-potential

linearized augmented plane wave (FP-LAPW) method as employed with in the WIEN2k code [22]. The
electronic characteristics was calculated within the framework DFT [23,24], and the exchange-correlation
effects were treated using the generalized gradient approximation (GGA) in the Perdew-Burke-Ernzerhof
(PBE) form [25]. This computational methodology has been widely utilized for studying the optoelectronic
and structural properties of semiconducting chalcogenide materials [10,26].

In the FP-LAPW scheme, the crystal space is divided into non-overlapping muffin-tin spheres around
the atomic sites and an interstitial region between them [22]. Inside the muffin-tin spheres, the wave
functions were expanded in spherical harmonics up to lmax = 10, while plane waves were used in the interstitial
region. The basis-set size was controlled by the parameter RMTKmax = 7, which is sufficient to ensure
numerical convergence of the calculated properties. The muffin-tin radii were selected carefully in order to
avoid overlap between neighboring spheres and to minimize charge leakage from the atomic core regions.
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The Brillouin-zone integrations were carried out using the Monkhorst-Pack k-point sampling
method [27]. For bulk PbS, approximately 1000 k-points in the irreducible Brillouin zone were used
to achieve good convergence of the total energy. The self-consistent field calculations were considered
converged when the total energy difference between successive iterations was less than 10−4 Ry. Structural
optimization was performed by minimizing both the total energy and the atomic forces. The convergence
criteria for geometry relaxation were set to 1× 10−5 eV for the total energy and 0.01 eV/Å for the atomic forces.

To model surface effects, the PbS (110) surface was constructed using a periodic supercell
approach [28,29]. Substitutional doping was introduced by replacing one Pb atom in the surface supercell
with either Ag or Ga, allowing us to investigate the dopant-induced changes in the structural, electronic,
optical, and thermoelectric properties of the system [26,30]. The electronic band structure and density
of states were calculated for the optimized structures, while the optical response was obtained from the
complex dielectric function derived from the electronic transitions within the DFT framework as evidenced
by the recent literature [31,32]. In addition, the thermoelectric transport properties, including the Seebeck
coefficient, electrical conductivity, and thermal conductivity, were evaluated as a function of temperature in
order to assess the thermoelectric performance of the pristine and doped PbS systems by using the BoltzTraP
code [33].

3 Surface Models
At room temperature, PbS crystallizes in the rock-salt cubic structure belonging to the Fm3m space

group, which is characteristic of many IV–VI semiconductor compounds [10,26]. This crystal structure has
been extensively investigated both experimentally and theoretically due to its importance in optoelectronic
and thermoelectric applications.

To investigate surface-dependent phenomena, the (110) and (111) surfaces of PbS-recognized as ther-
modynamically stable and technologically relevant facets-were constructed using a periodic slab supercell
approach. Surface modeling is essential for understanding the electronic and optical behavior of semiconduc-
tor nanostructures, as reduced dimensionality and broken symmetry at the surface can significantly modify
the band structure and carrier dynamics. The structural configurations of the modeled PbS surfaces are
illustrated in Fig. 1.

The supercell construction ensures periodic boundary conditions in the in-plane directions, while a
sufficiently large vacuum layer was introduced perpendicular to the surface to avoid artificial interactions
between periodic slabs. This approach is commonly employed in first-principles simulations to accurately
describe surface relaxation and electronic reconstruction in semiconductor materials. Surface modeling
is particularly important for capturing quantum confinement and surface-state effects, which strongly
influence the optical absorption and electronic transport properties of nanoscale PbS systems.

To evaluate doping-induced modifications, substitutional doping was introduced by replacing Pb
atoms with Ga or Ag dopant atoms in the optimized surface supercells. This strategy allows a systematic
investigation of how heteroatom incorporation modifies the local atomic environment, charge distribution,
and electronic structure of the PbS surfaces. Such substitutional doping approaches have been widely used
in first-principles studies to analyze dopant-induced band structure engineering and surface reactivity in
semiconductor materials [30].
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Figure 1: Crystal structure of PbS showing the (a,c) top view and (b,d) side view of (110) and (111) surface. Grey spheres
represent Pb atoms and yellow spheres represent S atoms.

4 Results and Detailed Discussions

4.1 Structural Properties
To validate the computational methodology employed in this study, we first optimized the bulk PbS

structure and calculated its lattice parameters. The resulting lattice constant of 5.88 Å shows good agreement
with previously reported experimentally and theoretically attained values for PbS, confirming the reliability
of the computational framework [34].

As outlined previously, the (110) and (111) surfaces of PbS were systematically modeled. Structural
optimization was performed prior to the calculation of optoelectronic properties to ensure that the systems
correspond to their ground-state energy configurations, which is essential for reliable electronic structure
predictions. Geometry relaxations were carried out using the Perdew–Burke–Ernzerhof generalized gra-
dient approximation (GGA-PBE) functional, with atomic forces minimized below 0.01 eV/Å and energy
convergence set to 1 × 10−5 eV/atom. The optimized bulk PbS structure, illustrated in Fig. 2, retains its cubic
symmetry with negligible structural distortion.

Comparative analysis of the modeled surfaces indicates that the (110) surface is the most thermodynam-
ically stable configuration, which is consistent with previous theoretical studies on PbS surfaces and related
rock-salt semiconductors. Consequently, the subsequent analysis in this work focuses on the (110) surface to
investigate the influence of Ga and Ag doping on the electronic and optical properties.
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Figure 2: Optimized crystal structure of bulk PbS.

4.2 Band Structure
The calculation of electronic band structures is essential for understanding the fundamental electronic

characteristics of materials, which also includes their stability, optical behavior, and bandgap characteristics.
In particular, band structure analysis allows determination of the nature of the bandgap-whether direct or
indirect-which strongly influences the optoelectronic performance of semiconductor materials [15,16].

The electronic band structures of PbS systems-bulk, pristine (110) surface, and Ga/Ag-doped (110)
surfaces-were systematically investigated to understand their semiconducting behavior and bandgap tun-
ability. Fig. 3 shows the estimated band structure of our understudy compounds along the high-symmetry
brilloiun zone directions, with the Fermi level (EF) at 0 eV. The estimated bandgaps for bulk PbS, pristine (110)
surface, Ag-doped, and Ga-doped surfaces are 0.75, 1.07, 1.24, and 1.01 eV, respectively (Fig. 3), confirming
the semiconducting nature of all systems. The calculated bulk bandgap agrees well with previously reported
theoretical values for PbS (0.73–0.78 eV), which validates the reliability of the computational method used
in this work [26].

For bulk PbS, the valence band maximum (VBM) and conduction band minimum (CBM) are located
at the L-high symmetry point, which indicates a direct bandgap semiconductor (Fig. 3a) [34]. This direct
transition is beneficial for optoelectronic applications because it allows efficient optical absorption and
electron–hole recombination processes. In contrast, the pristine (110) surface exhibits a slightly larger
bandgap (1.07 eV) and an indirect transition, where the VBM shifts toward the Γ-point while the CBM
remains at L (Fig. 3b). Such modifications in the electronic structure arise from surface effects and reduced
dimensionality, which alter orbital hybridization and the electronic state distribution near the EF in low-
dimensional systems [13,14].

The introduction of dopant atoms leads to noticeable changes in the electronic structure. Ag doping
increases the bandgap to 1.24 eV, whereas Ga doping reduces it to 1.01 eV, while maintaining the semicon-
ducting behavior of the system (Fig. 3c,d). In the Ag-doped system, the conduction band shifts upward due
to the presence of Ag-derived electronic states, resulting in a wider effective bandgap. Conversely, Ga doping
introduces additional states near the valence band region, which slightly reduces the bandgap. These results
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demonstrate that dopant incorporation significantly modifies the electronic structure and band alignment
of PbS surfaces [17,18,26].

Figure 3: Band structure of (a) Bulk PbS (b) Pristine PbS (110) (c) Ag doped PbS (110) (d) Ga doped PbS (110).

Overall, the ability to tune the bandgap through surface modification and substitutional doping
highlights the versatility of PbS for optoelectronic applications. The observed band structure variations
indicate that controlled doping can be an effective strategy for tailoring the electronic properties of PbS-based
materials for devices such as infrared photodetectors and photovoltaic absorbers.

4.3 Density of States
The investigation of density of states (DOS) is very important for understanding the electronic structure

of materials, as it describes the electronic states distribution along different energy levels [34]. In this work,
both the partial density of states (PDOS) and total density of states (TDOS) were computed for the bulk
PbS, pristine (110) surfaces, and Ag/Ga-doped (110) surfaces (Figs. 4 and 5). All spectra are referenced to
the Fermi level (EF = 0 eV), where the regions E < EF and E > EF correspond to the valence and conduction
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bands, respectively. The TDOS profiles (Fig. 4) confirm the presence of narrow bandgaps in all systems,
consistent with their semiconducting behavior and applicability for optoelectronic device applications. Bulk
PbS exhibits the smallest bandgap (0.75 eV), whereas the Ag-doped (110) surface shows the largest bandgap
(1.24 eV). Surface effects leads to an increase inDOS near the EF, particularly in the Ag-doped system where
pronounced peaks appear in both the valence and conduction regions. This behavior can be attributed to
surface-induced electronic localization and dopant-related states [17,18].

Figure 4: Calculated total density of states (TDOS) for bulk, pristine and doped PbS surfaces.

A secondary gap observed around −6 to −5.5 eV appears in all configurations. This feature originates
from hybridization between Pb-6s and S-3p orbitals, reflecting the intrinsic bonding characteristics of the
rock-salt crystal structure of PbS [34].

For bulk PbS (Fig. 5a), the valence band is mainly consists of Pb-6s and S-3p orbitals, while the
conduction band is dominated by S-3p and Pb-6p states. These orbital contributions are consistent with
previous theoretical studies of lead chalcogenides. In the pristine (110) surface (Fig. 5b), the valence band
shows increased contribution from S-3s states at lower energies (−8 to −6 eV), while Pb-6p and S-3p states
overlap near the Fermi level, indicating enhanced surface electronic activity.

In the Ag-doped surface (Fig. 5c), the contribution from lower-energy S-3s states decreases and the
spectral weight shifts toward the conduction region. Ag-derived states interact with Pb-6p orbitals in the
energy range of 2–4 eV, leading to the formation of hybridized electronic states that contribute to charge
transport. In contrast, Ga doping (Fig. 5d) introduces additional Ga-4p states near −4 eV, which interact
more weakly with the host orbitals and slightly reduce the bandgap (1.01 eV). This weaker hybridization
suggests that Ga behaves as an acceptor-type dopant, while Ag introduces donor-like electronic states.

Overall, the DOS results demonstrate that surface modification and substitutional doping significantly
alter the electronic structure of PbS. The increased density of states near the Fermi level in Ag-doped surfaces
may enhance carrier transport properties, whereas Ga doping maintains semiconducting behavior with
moderate bandgap reduction. These results further illustrate the potential of controlled doping for tuning
the electronic properties of PbS surfaces for optoelectronic and energy-related applications [17,20].
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Figure 5: Calculated partial density of states (PDOS) for (a) bulk (b) clean 110 (c) Ag doped 110 and (d) Ga doped
110 surface.

4.4 Optical Properties
The optical behavior of a semiconductor is closely relevant to its electronic structure. Changes in

band structure and density of states directly influence interband transitions and therefore modify optical
absorption and dielectric response [31,32]. Since the previous sections demonstrated that Ga and Ag doping
significantly alter the electronic-structure of PbS (110) surfaces, it is important to examine how these
modifications affect their optical properties. Consequently, the optical response of bulk PbS, pristine PbS
(110), and doped PbS (110) surfaces is analyzed in the following subsections.

The optical characteristics of a material play a very important role in estimating its compatibility for
optoelectronic and photovoltaic applications. These properties are typically derived from the electronic
structure through the complex dielectric function, which accounts for interband electronic transitions and
the joint DOS including dipole transition matrix elements. In the present work, the optical properties were
calculated within the GGA framework. The complex dielectric function for bulk PbS, pristine PbS (110),
Ag-doped PbS (110), and Ga-doped PbS (110) surfaces is expressed as

ε (ω) = ε1 (ω) + iε2 (ω)

here the ε1(ω) and ε2(ω) represent the real and imaginary parts of the dielectric function, respectively. Within
the random phase approximation, interband electronic transitions determine the imaginary component
of the dielectric response, while the real component is obtained through the Kramers–Kronig relations. From
the dielectric function, several optical constants including refractive index, reflectivity, energy loss spectrum,
absorption coefficient, and extinction coefficient can be derived.
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4.5 Complex Dielectric Function
The complex dielectric function gives important information about the optical and electronic response

of PbS systems. Fig. 6 shows the calculated real ε1(ω) and imaginary ε2(ω) components for bulk PbS, pristine
(110) surfaces, and Ag/Ga-doped (110) surfaces [31].

Figure 6: Calculated (a) real and (b) imaginary parts for bulk, pristine and doped PbS surfaces.

The real dielectric function (Fig. 6a) represents the polarizability and electronic screening capability
of the material. For all systems, ε1(ω) initially increases within the low-energy region before reaching a
maximum near 2.5 eV, followed by a gradual decrease. Bulk PbS shows negative ε1(ω) values between
approximately 3–14 eV, which is associated with plasmon-related collective electronic oscillations above the
plasma frequency. Similar behavior is also observed for the surface systems in the 3–5 eV region, indicating
surface-related electronic transitions.

The static dielectric constant ε1(0) is smallest for the Ag-doped surface, suggesting weaker electronic
screening. Materials with lower dielectric constants often exhibit reduced capacitive losses and improved
carrier transport behavior in high-frequency electronic devices.

The imaginary dielectric function ε2(ω) (Fig. 6b) describes optical absorption arising from interband
transitions. The onset of absorption corresponds closely to the calculated bandgap energies (0.75–1.24 eV).
Strong absorption peaks occur between the bandgap and 4 eV, which mainly originate from transitions
between S-3p valence states and Pb-6p conduction states [30]. The decrease in ε2(ω) beyond 4 eV indicates
reduced optical transitions and increasing transparency in the ultraviolet region.

The calculated dielectric responses demonstrate that doping and surface modification significantly
influence the optical behavior of PbS systems. Such tunable optical properties are desirable for applications
in infrared photodetectors, optoelectronic devices, and photovoltaic absorbers.

4.6 Absorption Coefficient
The absorption coefficient describes the ability of a material to absorb incident electromagnetic radia-

tion. Fig. 7 presents the calculated absorption spectra for bulk PbS, pristine (110) surfaces, and Ag/Ga-doped
(110) surfaces within the 0–14 eV energy range [26,32].

The absorption onset corresponds closely to the calculated bandgap values (0.75–1.24 eV), confirming
the semiconducting nature of all systems. A broad absorption region between 1–4 eV is observed for all
configurations, which is attributed to electronic transitions from S-3p valence states to Pb-6p conduction
states. In doped systems, additional contributions from Ag-4p and Ga-4p orbitals slightly broaden the
absorption spectrum [21].
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Figure 7: Calculated absorption coefficient for bulk, pristine and doped PbS surfaces.

The absorption intensity decreases beyond 4 eV, indicating reduced electronic transitions and increasing
transparency in the ultraviolet region. These characteristics suggest that PbS and its doped surfaces possess
suitable optical absorption properties for photovoltaic and infrared optoelectronic applications.

4.7 Refractive Index
The refractive index n(ω) is an important optical parameter that determines the propagation of

electromagnetic waves within a material. Fig. 8 shows the calculated refractive index spectra for bulk PbS,
pristine (110) surfaces, and doped surfaces.

Figure 8: Calculated refractive index for bulk, pristine and doped PbS surfaces.

Bulk PbS exhibits the highest refractive index across the studied energy range, reaching a maximum
near 2 eV, which originates from strong interband transitions between S-3p and Pb-6p states. In contrast,
the pristine and doped surfaces show lower refractive index values due to reduced electronic screening and
surface effects [35,36].
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The static refractive indices follow the trend:

nAg do ped > nG a do ped > npr ist ine

which is consistent with the behavior of the real dielectric constant ε1(ω). The reduced refractive index of
the surface systems compared to bulk PbS can be attributed to surface-induced electronic localization and
reduced atomic coordination. These optical characteristics suggest that doped PbS surfaces may be useful
for photonic and optoelectronic applications such as optical sensors and integrated photonic devices.

4.8 Reflectivity
The reflectivity spectrum describes the fraction of incident light reflected from the material

surface [37]. Fig. 9 illustrates the calculated reflectivity for bulk PbS, pristine (110) surfaces, and Ag/Ga-
doped surfaces.

Figure 9: Calculated reflectivity for bulk, pristine and doped PbS surfaces.

For all systems, reflectivity increases with photon energy and reaches maximum values in the ultraviolet
region. Bulk PbS exhibits the highest reflectivity, while the doped surfaces show slightly lower values due to
reduced electronic density near the surface. The reflectivity peaks correspond to strong interband transitions
between S-3p valence states and Pb-6p conduction states, consistent with the features observed in the
dielectric function spectra.

At higher energies (above 12 eV), the reflectivity increases due to collective electronic excitations
and plasmon-related effects, which occur when the real dielectric function becomes negative. The lower
reflectivity observed for doped surfaces indicates reduced electronic screening and enhanced photon
absorption, which can be beneficial for optoelectronic device performance.

Overall, the optical analysis demonstrates that surface modification and dopant incorporation provide
an effective approach for tuning the optical properties of PbS materials for applications such as infrared
detectors, optical coatings, and photovoltaic devices.

5 Thermoelectric Properties
Thermoelectric materials enable the conversion of heat directly into electrical energy by employing

the Seebeck effect and have attracted considerable attention for energy harvesting and waste heat recovery
applications [38,39]. The thermoelectric capability of a material is mainly governed by 3 transport param-
eters: the electrical conductivity σ, Seebeck coefficient S, and thermal conductivity [40]. A high electrical
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conductivity and Seebeck coefficient combined with low thermal conductivity are desirable for efficient
thermoelectric energy conversion. In addition, the electrical contribution to thermoelectric performance
is commonly evaluated through the power factor PF = S2σ. Therefore, analyzing these transport properties
provides useful insight into the thermoelectric potential of PbS-based systems.

The thermoelectric properties of PbS structures, including bulk, pristine (110) surfaces, and Ag/Ga-
doped (110) surfaces, demonstrate temperature-dependent behavior governed by the interplay of electronic
and thermal transport mechanisms. The Seebeck coefficient (S), which measures the voltage generated
under a temperature gradient, reveals distinct trends across the studied systems. The calculated Seebeck
coefficient is shown in Fig. 10. Bulk PbS exhibits a steady increase in S from ~50 μV/K at 300 K to ~200 μV/K
at 800 K, driven by thermally activated carriers and reduced electron–phonon scattering at elevated
temperatures [41]. Similar temperature-dependent increases in Seebeck coefficient have been reported for
PbS-based thermoelectric materials in previous experimental and theoretical studies. In contrast, the pristine
PbS-110 surface shows a non-monotonic response, peaking at ~200 μV/K at 300 K before declining to
~50 μV/K at 800 K. This behavior can be attributed to the influence of surface states at lower temperatures
and enhanced carrier scattering at higher temperatures in reduced-dimensional systems.

Figure 10: The calculated Seebeck coefficient for PbS bulk, pristine 110, Ag doped 110 and Ga doped 110 surface.

Doping introduces asymmetric modifications to the Seebeck response. Ag-doped PbS-110 evolves
from near-zero S at 300 K to ~100 μV/K at 800 K, indicating n-type behavior due to donor states near
the conduction band. In contrast, Ga-doped PbS-110 changes from negative S (~−30 μV/K at 300 K) to
~100 μV/K at 800 K, reflecting p-type conductivity induced by acceptor states near the valence band.
Dopant-induced tuning of carrier type and concentration has been widely used to enhance thermoelectric
performance in IV–VI semiconductor systems [42].

Electrical conductivity (σ) (Fig. 11), governed by carrier concentration and mobility, also varies signifi-
cantly among the studied systems. The pristine PbS-110 surface demonstrates the highest σ, increasing from
~1.2 × 1019 S/m at 300 K to ~1.5 × 1019 S/m at 800 K. This behavior can be associated with reduced surface
defects and enhanced carrier mobility in the optimized surface structure. Bulk PbS exhibits a gradual increase
in σ from ~4.5 × 1018 S/m at 300 K to ~1.35 × 1019 S/m at 800 K, which is consistent with thermally activated
carrier generation in narrow-bandgap semiconductors.

Doping affects the electrical conductivity differently for each dopant. Ag-doped surfaces show relatively
lower σ (~5 × 1018 S/m at 300 K) due to ionized impurity scattering, with partial recovery at higher
temperatures (~7 × 1018 S/m at 800 K). Ga-doped surfaces display a slight decrease in conductivity from
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8 × 1018 S/m at 300 K to 7 × 1018 S/m at 800 K, which is typical for p-type systems where hole–phonon
scattering becomes more significant at elevated temperatures.

Figure 11: The calculated electrical conductivity for PbS bulk, pristine 110, Ag doped 110 and Ga doped 110 surface.

Thermal conductivity (κ) is another key parameter controlling thermoelectric efficiency because it
determines heat transport through the material. Efficient thermoelectric materials typically require low
thermal conductivity to maintain a temperature gradient across the material. As shown in Fig. 12, Bulk PbS
exhibits the highest κ, increasing from ~1 × 1014 W/m⋅K at 300 K to ~5.8 × 1014 W/m⋅K at 800 K, primarily
dominated by lattice vibrations and phonon transport. The pristine PbS-110 surface shows intermediate κ
values (~0.5–4.8 × 1014 W/m⋅K). Doped systems display further reduction in κ due to enhanced phonon
scattering introduced by dopant atoms and lattice distortions.

Figure 12: The calculated thermal conductivity for PbS bulk, pristine 110, Ag doped 110 and Ga doped 110 surface.

Specifically, Ag-doped surfaces reach ~3.9 × 1014 W/m⋅K at 800 K, while Ga-doped surfaces exhibit the
lowest κ (~2.1 × 1014 W/m⋅K at 800 K). The reduction in thermal conductivity can be attributed to mass
fluctuation scattering and increased phonon–defect interactions caused by dopant atoms. Such suppression
of thermal conductivity follows the well-known “phonon-glass electron-crystal” concept, where phonon
transport is reduced without significantly degrading electrical transport properties.

The power factor PF = S2σ [43], which combines electrical conductivity and Seebeck coefficient,
provides a useful measure of thermoelectric performance. Bulk PbS achieves the highest PF at 800 K
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(~4.7 × 1011 W/m⋅K2), benefiting from simultaneous increases in S and σ at elevated temperatures (Fig. 13).
The pristine PbS-110 surface reaches its maximum PF (~4.0 × 1011 W/m⋅K2) at 300 K but decreases at higher
temperatures, indicating better suitability for low-temperature thermoelectric applications.

Figure 13: The calculated power factor for PbS bulk, pristine 110, Ag doped 110 and Ga doped 110 surface.

Doped systems show gradual improvement with increasing temperature. Ag-doped surfaces increase
from negligible PF values to ~2.2 × 1011 W/m⋅K2 at 800 K, whereas Ga-doped systems reach ~1.2 ×
1011 W/m⋅K2 at 800 K. This behavior reflects the typical trade-off between Seebeck coefficient and electrical
conductivity observed in thermoelectric materials.

Overall, the results indicate that bulk PbS exhibits superior thermoelectric performance at high
temperatures, making it suitable for waste heat recovery applications. In contrast, the pristine surface
performs better at lower temperatures, while doped PbS systems-particularly Ga-doped surfaces with
reduced thermal conductivity-show potential for thermoelectric device optimization through doping and
surface engineering.

6 Conclusion
In this work, the structural, electronic, optical, and thermoelectric properties of bulk PbS, pristine

PbS (110) surfaces, and Ga- and Ag-doped PbS (110) surfaces were systematically investigated using density
functional theory within the FP-LAPW framework. The calculated lattice constant of bulk PbS is 5.88 Å,
which agrees well with experimental reports and validates the computational approach used in this study.
Electronic structure analysis shows that bulk PbS exhibits a direct bandgap of 0.75 eV at the L point. The
pristine PbS (110) surface displays a larger bandgap of 1.07 eV due to surface-induced quantum confinement
effects. Surface doping significantly modifies the electronic structure. Ag doping increases the bandgap to
1.24 eV by introducing donor-like states, while Ga doping reduces the bandgap to 1.01 eV through acceptor
states near the valence band maximum.

These electronic modifications strongly influence the optical response of the material. The calculated
dielectric function, refractive index, absorption coefficient, and reflectivity indicate enhanced absorption in
the visible and near-infrared energy ranges. The Ag-doped surface exhibits a relatively low static dielectric
constant of approximately 3.25 and increased reflectivity at low photon energies, suggesting potential
applications in high-frequency optoelectronic devices. In contrast, Ga-doped surfaces exhibit reduced
thermal conductivity due to enhanced phonon scattering caused by mass mismatch between dopant and
host atoms.
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Thermoelectric analysis reveals that the pristine PbS (110) surface shows high electrical conductivity
and achieves a power factor of approximately 4.0 × 1011 W/m⋅K2 at 300 K. Bulk PbS demonstrates improved
thermoelectric performance at elevated temperatures, reaching a maximum power factor of about 4.7 ×
1011 W/m⋅K2 at 800 K. Overall, the results demonstrate that surface engineering and dopant-induced band
modulation provide an effective strategy for tuning the optoelectronic and thermoelectric performance of
PbS-based nanostructures. These findings provide useful theoretical guidance for the design of PbS materials
for infrared optoelectronics and thermoelectric energy conversion devices.
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