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In this study, the structural, electronic, and optical properties of pristine and doped two-dimensional
germanene quantum dots (GeQDs) were systematically investigated using first-principles calculations
based on density functional theory (DFT). The model systems consist of monolayer GeQDs comprising
37 Ge atoms with hydrogen-passivated edges, including pristine, carbon-doped, and silicon-doped
configurations. All structures are found to be dynamically stable, exhibit non-magnetic metallic behavior,
and show distinctive structural modifications upon doping. Notably, carbon doping significantly reduces
the buckling height of the quantum dots due to its smaller atomic radius and higher electronegativity.
Multi-orbital hybridization analysis reveals substantial changes in electronic orbital interactions,
particularly in the Si-doped structure. Charge density difference analysis indicates that carbon atoms act
as charge acceptors, while silicon atoms donate charge to the surrounding Ge lattice. Optical property

calculations show strong anisotropic absorption behavior, with all configurations demonstrating
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Accepted 2nd June 2025 pronounced absorption in the ultraviolet region and moderate absorption in the visible range. These

findings suggest that pristine and doped GeQDs hold promise for applications in nanoscale electronic

DOI: 10.1039/d5ra03236a and optoelectronic devices, including ultraviolet photodetectors, plasmonic components, and next-
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1. Introduction

In recent decades, the advancement of science and technology
has become increasingly intertwined with the progress of
nanotechnology, a field that has enabled significant break-
throughs in device miniaturization and performance enhance-
ment. Nanomaterials often exhibit distinct physical and
chemical properties compared to their bulk counterparts,
primarily due to quantum confinement effects and the
substantial increase in surface-to-volume ratio. When a mate-
rial's dimensions are restricted in one, two, or all three spatial
directions, the motion of electrons becomes confined, resulting
in the quantization of energy levels. This confinement leads to
discrete electronic states and pronounced quantum effects that
are significantly more evident than in bulk, three-dimensional
systems.

Among the emerging materials at the nanoscale, two-
dimensional (2D) systems have garnered considerable atten-
tion due to their remarkable potential in electronic,
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optoelectronic, sensing, and energy-related applications.
Materials such as silicene,'* germanene,*® borophene,*** and
phosphorene*™* have emerged as promising candidates, each
possessing unique structural and electronic characteristics.
These 2D materials often adopt a honeycomb lattice configu-
ration analogous to that of graphene-the first isolated two-
dimensional material-exhibiting exceptional properties such
as high mechanical strength, excellent electrical conductivity,
and efficient thermal transport.

Nevertheless, despite its exceptional attributes, graphene
suffers from critical limitations, notably its zero band gap and
the high cost associated with its synthesis.”””>* These drawbacks
have spurred extensive research into alternative 2D materials
that offer tunable band gaps and more practical pathways for
large-scale production and integration into next-generation
nanoelectronic systems.

The continuous pursuit of novel materials remains
a cornerstone in advancing industrial revolutions, particularly
within the high-technology sector. These materials not only
enhance the performance of existing systems but also pave the
way for the emergence of entirely new technologies. In the
semiconductor industry, the growing demand for increasingly
compact and high-speed devices has driven the rapid evolution
of microchip fabrication, with state-of-the-art integrated
circuits now operating at feature sizes of only a few nanometers.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Within  this technological landscape, germanene-
a monolayer of germanium atoms arranged in a honeycomb
lattice - has emerged as a subject of significant scientific
interest. While pristine germanene is a semimetal with a nearly
zero band gap, its electronic structure can be effectively
modulated through various approaches such as atomic
doping,*** surface functionalization,***** and the application
of external electric or strain fields.>**® These modifications have
demonstrated the potential to open a finite band gap, thereby
expanding germanene's applicability in semiconductor and
optoelectronic devices.

Structurally, germanene features a Ge-Ge bond length of
approximately 2.48 A, and its electronic configuration is gov-
erned by partially hybridized orbitals that form weak 7 bonds.
This incomplete hybridization induces a characteristic buckling
of the atomic plane, with a buckling height of roughly 0.69 A.>
Such buckling not only distinguishes germanene from its
planar analogue, graphene, but also plays a crucial role in
determining its electronic and optical behavior. Adjusting the
buckling and bonding configuration-via doping, strain engi-
neering, or surface modification-can significantly tailor ger-
manene's material properties, making it a flexible platform for
integration into diverse nanoelectronic and photonic
technologies.>**

Experimental efforts have demonstrated the in situ growth of
germanene monolayers on Au(111) substrates using molecular
beam epitaxy, revealing ordered domains with nearly flat
honeycomb patterns.>® First-principles calculations further
verify that germanene is dynamically stable and hosts linear
band crossings at the Fermi level, where charge carriers behave
as massless Dirac fermions.*® In contrast to graphene, the
buckled structure of germanene results in a larger spin-orbit
gap (~24 meV), making it a promising candidate for quantum
spin Hall devices and enabling bandgap tunability through
external electric fields or surface functionalization.” These
distinct structural and electronic characteristics position ger-
manene as a highly versatile material for applications in next-
generation nanoelectronics and spintronics.

Beyond monolayer germanene, considerable
attention has also been directed toward lower-dimensional
derivatives such as germanene nanoribbons, germanene
nanotubes,** and germanene quantum dots (GeQDs).*"™*
Germanene nanoribbons, as quasi-one-dimensional (1D)
systems, allow electron delocalization primarily along a single
axis, whereas GeQDs represent zero-dimensional (0D) struc-
tures in which electronic motion is confined in all three spatial
dimensions. This complete quantum confinement leads to
pronounced discretization of energy levels and induces novel
quantum phenomena that are absent in 1D and 2D systems.

Previous investigations of GeQDs with varying shapes and
sizes have revealed a strong dependence of their electronic and
optical characteristics on geometrical and structural parame-
ters. For instance, edge functionalization using elements such
as hydrogen (H), fluorine (F), or chlorine (Cl) has been shown to
modulate the band gap within the range of 0.72 eV to 0.89 eV,
concurrently altering the electronic band structure and the
density of states.** Moreover, the size of the quantum dot plays
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a crucial role: as the number of constituent atoms increases, the
density of localized electronic states also rises, thereby affecting
the system's overall electronic response.* Importantly,
a simultaneous increase in quantum dot size and the applica-
tion of an external electric field can induce a redshift in the
optical absorption spectrum, offering a viable route for tuning
the optical response to meet specific application requirements.
In the context of renewable energy, GeQDs have also shown
promise in solar energy conversion technologies, particularly
due to their strong light absorption in the visible spectral
region.* These findings underscore the significance of struc-
tural morphology-specifically shape, size, and edge passivation-
in governing the fundamental electronic and optical behavior of
GeQDs, and highlight their potential in a wide range of nano-
scale device applications.

Hydrogen-passivated two-dimensional germanene quantum
dots (2D GeQDs) represent a promising research direction due
to their quantum confinement effects and tunable properties,
particularly in the context of nanoscale device engineering. This
study aims to provide a comprehensive investigation of this
material system, exploring both its electromagnetic and optical
characteristics as a foundation for future studies and as
a reference point for potential applications in next-generation
electronic and optoelectronic technologies. The introduction
of dopants not only enhances the tunability of GeQDs' intrinsic
properties but also broadens their applicability across various
domains of advanced nanotechnology, including nanoscale
transistors, photodetectors, and energy-harvesting devices.

Carbon and silicon were selected as dopants for GeQDs due
to their group IV chemical similarity to germanium, which
allows for substitutional doping with minimal lattice disrup-
tion. This facilitates the formation of stable doped structures
without introducing significant structural defects or strain.
Despite belonging to the same group, carbon and silicon exhibit
contrasting atomic sizes and electronegativities, which enables
the systematic investigation of how these parameters affect the
structural, electronic, and optical properties of GeQDs. Carbon,
being smaller and more electronegative than Ge, induces strong
charge localization and planarization effects, leading to signif-
icant changes in the buckling height and local electronic envi-
ronment. Silicon, with a similar size to Ge but lower
electronegativity, acts as a charge donor and modifies the
orbital hybridization in a distinct way, particularly influencing
the high-energy electronic states and optical response. This
complementary behavior provides a controlled comparative
framework to understand how dopants with different physical
and chemical properties impact quantum dot behavior.

Other dopants, such as group III elements (e.g., B, Al) or
group V elements (e.g., N, P, As), could offer alternative or
improved functionalities: group III dopants may introduce p-
type characteristics, useful for designing heterojunctions or
diode-like behaviors. Group V dopants may act as n-type donors
and alter the electronic density of states in a way that enhances
charge transport or photoresponse. Transition metals (e.g., Ti,
Mn) could introduce magnetic or spintronic functionalities,
opening paths for quantum spintronic applications. Future
work could explore such dopants to further tailor the
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optoelectronic properties of GeQDs for specialized device
applications.

2. Methods

In this work, the structural, electronic, and optical properties of
pristine and doped two-dimensional germanene quantum dots
(GeQDs) were investigated using first-principles calculations
based on density functional theory (DFT), as implemented in
the Vienna Ab initio Simulation Package (VASP). The quantum
dot model comprises 37 germanium (Ge) atoms arranged in
a monolayer honeycomb-like lattice, with hydrogen (H) atoms
passivating the edge Ge atoms to simulate chemically stable
boundaries. Doping was introduced by substituting selected
central Ge atoms with carbon (C) or silicon (Si) atoms to
examine the influence of atomic substitution on the physical
properties of the system.

The calculations employed the Generalized Gradient
Approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional. The interaction between core
and valence electrons was treated using the Projector
Augmented-Wave (PAW) method. Geometry optimizations were
performed until the residual forces on all atoms were less than
0.01 eV A~ and the total energy convergence criterion was set to
1077 eV. To ensure the reliability and accuracy of the DFT
calculations, systematic convergence tests were conducted for
both the plane-wave energy cutoff and k-point sampling. A
plane-wave energy cutoff of 500 eV was adopted, which provided
total energy convergence within 1 meV per atom. For Brillouin
zone integration, a Monkhorst-Pack grid of 5 x 5 x 1 was
employed and tested to ensure the accuracy of total energy and
electronic structure calculations. This k-point mesh was found
to be sufficient for the finite-sized two-dimensional quantum
dot systems studied here, where a large vacuum spacing (20 A)
was also applied to eliminate spurious interactions between
periodic images.
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Fig. 1
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Limitations of the DFT method and the GGA-PBE functional:
while the generalized gradient approximation with the Perdew-
Burke-Ernzerhof (GGA-PBE) functional provides a good balance
between computational efficiency and accuracy for structural
and electronic property calculations, it has known limitations.
In particular, GGA-PBE tends to underestimate band gaps in
semiconductors and insulators due to its approximate treat-
ment of exchange-correlation interactions. This may lead to
inaccuracies in the predicted optical transition energies, espe-
cially in the visible and ultraviolet regions. Additionally, van der
Waals (vdW) interactions are not adequately captured by stan-
dard GGA-PBE, although in this study, such long-range inter-
actions are less critical due to the quantum dot system being
finite and passivated. Finally, many-body effects, excitonic
interactions, and temperature effects are not included in the
DFT-GGA framework, which can further impact the accuracy of
optical property predictions. Despite these limitations, GGA-
PBE remains a reliable tool for qualitative and comparative
analyses, particularly when the focus is on trends and relative
changes induced by doping.

3. Electromagnetic properties

Fig. 1 presents the atomic structures of the pristine and doped
configurations of the 2D germanene quantum dots (GeQDs),
with single-atom substitution by carbon (C) and silicon (Si). A
clear buckled geometry characteristic of the germanene
framework is evident in all three configurations. As summarized
in Table 1, the buckling height of the pristine 2D GeQDs is
calculated to be 0.647 A, which is in good agreement with
previously reported values for monolayer germanene, such as
0.635 A (ref. 45) and 0.676 A.* This indicates that the transition
from an extended germanene sheet to a quantum-confined 2D
GeQD structure does not significantly alter the vertical
displacement within the atomic plane, preserving the intrinsic
buckled configuration.

b
Ll
b
f b

(a) Side view and (b) top view of pristine configuration; (c) C-doped 2D GeQDs; (d) Si-doped 2D GeQDs.
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Table 1 Structural parameters of the structures (d; and d, are the
bond lengths of Ge—-Ge and Ge-C/Si, respectively; E is the formation
energy, u is the total magnetic moment in a unit cell, « is the angle
between two adjacent bonds)

Configurations d; (A) d, (A) «(°) Ef(evV) 4 (A) w (1s)
Pristine 2439 x 112.34 x 0.647 0
C-doped GeQDs 2.445 1.958 114.77 —1.35 0.232 =+ 0.462 0

Si-doped GeQDs 2.436 2.373 112.92 —0.98 0.610 <+ 0.619 0

In terms of bond length, the average Ge-Ge distance in
pristine GeQDs was found to be 2.439 A, which is slightly
shorter than the 2.56 A observed in germanene structures’ and
close to the value of 2.443 A reported in ref. 47. Upon substi-
tutional doping with either C or Si atoms, the Ge-Ge bond
lengths remain largely unaffected, suggesting that the overall
lattice retains good structural integrity. However, the intro-
duction of dopant atoms leads to notable differences in local
bonding. Specifically, the Ge-C bond length is calculated to be
1.958 A, considerably shorter than the Ge-Si bond length of
2.373 A. This shortening of the Ge-C bond implies a stronger
local bonding interaction, consistent with higher bond
strength.

This observation is further supported by the calculated
formation energy of system:**

Ey = E — E,s + nEge — nks;c (1)

where E; denotes the total energy of the doped system, Ep,;s is
the total energy of the pristine system, n is the numbers of Si/C
atoms doped in the system, Ege/si/c, is the energy of an isolated
Ge/Si/C atom. The C-doped GeQDs exhibit a formation energy of
—1.35 eV, which is lower than that of the Si-doped counterpart
(—0.98 eV). These results indicate that the C-doped configura-
tion possesses greater thermodynamic stability, and suggest
that carbon is a more favorable dopant in terms of chemical
bonding and energy minimization within the GeQDs system.
When calculating the formation energy per atom for the C-
and Si-doped systems, we employed the following expression:

Et — (N — n)EGC — I’ZESi/C
2
- @

Ef/a =

where N is the number of Ge atoms in the pristine structure.
The calculated formation energies per atom (Eg,) for the C-
doped and Ge-doped GeQD structures are —2.89 eV per atom
and —2.65 eV per atom, respectively, both of which are less
negative than that of monolayer germanene (—3.31 eV per
atom*). This reduction in formation energy indicates that the
doped GeQDs are thermodynamically less stable than the
extended two-dimensional germanene sheet. The difference in
stability can be primarily attributed to pronounced edge effects
and the increased surface-to-volume ratio characteristic of the
quantum dot morphology. Furthermore, the lack of long-range
crystalline periodicity in the QDs gives rise to local structural
distortions and undercoordinated atoms, which elevate the
total energy and thus reduce the thermodynamic stability.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Nevertheless, the negative values of formation energy confirm
that both doped GeQDs remain thermodynamically stable.

The bond angle («) formed between two adjacent Ge-Ge
bonds remains nearly unchanged across all three configura-
tions—pristine, C-doped, and Si-doped—and consistently falls
below 120°, which is the ideal angle for a planar hexagonal
lattice such as that of graphene. This deviation from ideal
planarity reflects the intrinsic buckling present in the germa-
nene framework and highlights the difference in orbital
hybridization from the ideal sp® configuration, suggesting
partial sp® character in the bonding environment of Ge atoms.

A notable structural response to doping is observed in the
variation of buckling height. In the C-doped system, the buck-
ling height is significantly reduced, ranging between 0.232 A
and 0.462 A, in contrast to the 0.647 A observed in the pristine
structure. This flattening effect is likely attributed to the smaller
covalent radius and higher electronegativity of the carbon atom,
which promotes stronger in-plane bonding and reduces out-of-
plane distortion. In comparison, the Si-doped structure exhibits
only a slight reduction in buckling height, suggesting
a comparatively weaker perturbation to the lattice geometry due
to the similar atomic size and bonding characteristics of Si
relative to Ge.

An additional and important observation is that all config-
urations—pristine, C-doped, and Si-doped—exhibit zero net
magnetic moment. This indicates an absence of spontaneous
magnetization and implies that the systems remain non-
magnetic regardless of dopant type. This conclusion is corrob-
orated by the spin-resolved density of states (DOS) shown in
Fig. 2, where the spin-up and spin-down components are fully
symmetric about the Fermi level. The preservation of spin
symmetry confirms that neither C nor Si doping induces spin
polarization in the GeQD system. Fig. 2 displays the calculated
electronic band structures and total density of states (DOS) for
the pristine, C-doped, and Si-doped 2D GeQD systems. All three
configurations exhibit metallic characteristics. However,
despite the absence of a band gap, the density of states at the
Fermi level remains relatively low for all cases, indicating that
these systems, while metallic, may exhibit limited electrical
conductivity due to the modest availability of electronic states
for conduction.

A comparative analysis reveals substantial differences
between the pristine and doped systems, while the C- and Si-
doped configurations exhibit notably similar band structures.
This similarity suggests that both dopants exert a comparable
influence on the local electronic environment within the GeQD
lattice. In the energy range of —3 eV to 3 eV, which is critical for
electronic transport and optical transitions, the peak DOS of the
pristine system reaches approximately 40 states per eV. By
contrast, the corresponding peak in both doped systems is
reduced to about 30 states per eV, indicating a suppression of
available electronic states in the vicinity of the Fermi level as
a result of doping. This reduction could potentially influence
carrier mobility and dynamic response under external pertur-
bations such as applied electric fields or photoexcitation.

Furthermore, a shift in the dominant DOS peaks is observed:
in the pristine configuration, the highest DOS peak is located in

RSC Adv, 2025, 15, 19192-19203 | 19195


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra03236a

Open Access Article. Published on 06 June 2025. Downloaded on 1/18/2026 8:29:24 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Paper
3 3
2 2
1 14
< Pristine structure (GeQDs)
Lo 0
w
-1 -14
2 2
_3I'I'I'I'I'II_3l'I'I'I'I'I'I'I'I
0.00 0.05 0.10 0.15 0.20 0.25 -40-30-20-10 0 10 20 30 40
a) K-point distance (Angstrom) DOS (states/eV.unit cell)
3 3 3 3
2 2 2 2
14 14 1 14
< C doped GeQDs < Si-doped GeQDs
20 0 L0 0+
w w
-1 -1 -1 -1
-2 -2 24 -2
Bt——T 7T 1T 173+ T 1T Fr T 3+ I3t
0.00 0.05 0.10 0.15 0.20 0.25 0.30 -30 -20 -10 0 10 20 30 0.00 0.05 0.10 0.15 0.20 0.25 0.30 -30 -20 -10 O 10 20 30

K-point distance (Angstrom) DOS (states/eV.unit cell)

b)

K-point distance (Angstrom) DOS (states/eV.unit cell)

c)

Fig. 2 Band structure and density of states of configuration: (a) pristine, (b) C-doped GeQDs, (c) Si-doped GeQDs.

the conduction band, whereas in the doped structures, the most
prominent peaks are concentrated within the valence band
region. This redistribution of state density suggests that doping
not only modifies the electronic density near the Fermi level but
also alters the character and occupation of dominant electronic
states, possibly due to changes in orbital hybridization or
charge transfer mechanisms introduced by the dopant atoms.

The partial density of states (PDOS) for the Ge and dopant
atoms in the pristine, C-doped, and Si-doped 2D GeQD config-
urations are shown in Fig. 3. In all three configurations, the
Ge(4s) states are predominantly located in the lower energy
region below —4 eV, suggesting that they are associated with
stronger bonding levels and have minimal influence on the
electronic structure near the Fermi level. Conversely, the Ge(py,
Py, Pz) (p orbitals) states are concentrated around the Fermi
level, highlighting their pivotal role in the formation of v and o
bonds within the crystal lattice. This distribution underscores
the importance of p orbital hybridization in determining the
electronic properties of the system.

19196 | RSC Adv, 2025, 15, 19192-19203

In the doped configurations, the introduction of C or Si
atoms leads to the emergence of new localized states near the
Fermi level, indicative of the interaction between the dopant
atoms and the surrounding Ge lattice. This interaction results
in multi-orbital hybridization, where the Ge orbitals overlap
with those of the dopant atoms, forming stable Ge-C or Ge-Si
bonds. The pronounced hybridization between the Ge and
dopant orbitals is evident in the PDOS plots, reinforcing the
findings from bond length and formation energy calculations,
which highlighted the stable nature of the bonds formed upon
doping.

In Fig. 3a, the partial density of states (PDOS) for the pristine
configuration reveals that the largest peak is located at the
Ge(4s) state, with a value of approximately 18 states per eV. In
comparison, the corresponding peak in the C-doped configu-
ration (Fig. 3b) is notably reduced to 10 states per eV, indicating
a significant decrease in the contribution of the Ge(4s) orbital to
the deep energy bands upon doping with carbon atoms. On the
other hand, in the Si-doped configuration (Fig. 3c), the Ge(4s)
peak increases slightly to 19 states per eV, closely resembling

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 PDOS of (a) pristine GeQDs, (b) C-doped GeQDs, (c) Si-doped GeQDs.

the value observed in the pristine system. The evident difference
between the pristine and C-doped configurations suggests that
carbon doping induces more pronounced charge redistribution
and restructuring of the energy bands, thereby having a deeper
impact on the electronic structure compared to silicon doping.

Focusing on the Ge(4p,) states, the pristine system shows
a peak of 12 states/eV, whereas in the C-doped configuration,
this peak sharply drops to 5.8 states per eV, further confirming
that carbon doping significantly weakens the contribution of
the p-orbitals oriented perpendicular to the plane. In contrast,
the Si-doped configuration exhibits Ge(4p,) peaks and other p-

© 2025 The Author(s). Published by the Royal Society of Chemistry

state components that closely mirror those of the pristine
system, reflecting the better orbital compatibility between
silicon and germanium.

Another significant difference is observed in the positive
energy region, where the unoccupied states in the conduction
band reside. While both the pristine and C-doped configura-
tions display a density of states extending from 0 to 5 eV, the Si-
doped configuration shows conduction band states confined to
the range from 0 to 3 eV. This narrowing of the conduction band
suggests that silicon doping could influence the system's
optical excitation properties at higher energies, potentially

RSC Adv, 2025, 15, 19192-19203 | 19197
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affecting its absorption spectrum and impacting future appli-
cations in optoelectronic devices.

In terms of multi-orbital hybridization, the pristine structure
exhibits Ge(4s)-Ge(4p,) hybridization in the energy ranges of —6
to —5.5 eV and —5 to —4.5 eV, which corresponds to the
combination of s and p orbitals of Ge atoms, forming ¢ bonds
within the crystal lattice. Additionally, in the energy region of 3
to 5 eV, hybridization between Ge(4s) and both Ge(4p,) and
Ge(4p,) orbitals is observed, indicative of weakly bound states
and unoccupied states that are available for optical excitation.
For the C-doped configuration, the hybridization becomes more
intricate. In the energy range of —5 to —4 eV, three-dimensional
hybridization involving Ge(4s), Ge(4p,), and C(2p,) orbitals is
evident. The introduction of the C atom—being more electro-
negative and smaller than Ge—modifies the orbital orientations
and generates new hybridization states, which may significantly
influence the bond strength and electronic properties of the
system.

In the Si-doped configuration, hybridization between Ge(4s),
Ge(4p,), and Si(3p,) orbitals is also observed in the energy range
from —5 to —4 eV. However, it is noteworthy that in the 3 to 5 eV
region, there is a complete absence of significant electronic
states, which sharply contrasts with the pristine and C-doped
configurations. This lack of states may stem from a reduction
in the density of unoccupied states, likely due to the weaker
interaction between Ge and Si compared to the Ge-C bond,
potentially leading to diminished optical absorption in this
energy range.

Fig. 4 illustrates the charge density difference in 2D GeQDs
upon doping with C (Fig. 4a) and Si (Fig. 4b) atoms. In Fig. 4a,
the positively charged region (yellow) is clearly concentrated
around the doped C atom, indicating that the C atom accu-
mulates additional charge from the surrounding environment,
particularly from neighboring Ge atoms. In contrast, Fig. 4b
shows a negatively charged region (blue) surrounding the Si
atom, signifying that Si loses charge and thus behaves as
a charge donor within the system. This disparity can be attrib-
uted to the differing electronegativities of the atoms: the carbon
atom (C) possesses a higher electronegativity than germanium
(C =2.55 > Ge = 2.01), which facilitates its tendency to attract

View Article Online
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electrons. Conversely, silicon (Si) has an electronegativity
similar to or lower than that of Ge (Si = 1.90 < Ge = 2.01), which
results in its tendency to donate charge. The charge redistri-
bution phenomenon is not limited to the local doping site but
also extends to neighboring Ge atoms, highlighting the influ-
ence of doping on the overall electronic structure of the system.
Such changes in charge distribution may lead to significant
modifications in the electrical, optical, and chemical properties
of 2D GeQDs.

4. Optical properties

Fig. 5 presents the dielectric function of pristine GeQDs as well
as GeQDs doped with C and Si atoms. A notable observation is
that the x and y components of both the real (Re) and imaginary
(Im) parts of the dielectric function are in complete agreement
across all configurations. This behavior reflects the symmetric
and uniform atomic distribution within the xy plane, which is
characteristic of a two-dimensional quantum dot structure. The
coinciding components also serve as evidence for in-plane
optical isotropy, suggesting that optical anisotropy predomi-
nantly occurs in the direction perpendicular to the plane, ie.,
along the z-axis. For all configurations, the largest absorption
peaks in the imaginary part of the dielectric function in the x/y
direction appear in the low-energy region, below 1 eV, corre-
sponding to the microwave spectral range. As the energy
increases into the visible and ultraviolet regions, the absorption
begins to decrease, indicating a reduction in optical absorption
at higher energies. This trend suggests that GeQDs could be
potential candidates for applications in microwave absorption
or low-frequency sensing technologies.

The plot of the real part of the dielectric function in the z-
direction (Re(z)) exhibits distinctly different behavior from that
observed in the x/y directions. In the energy range from 0 to
7 eV, the real part of the dielectric function remains nearly
constant and parallel to the energy axis, indicating a weak
dielectric response in the direction perpendicular to the plane.
A clear peak emerges only around 8 eV, after which the plot
declines rapidly, approaching a stable value at energies
exceeding 9 eV. In this high-energy region, the dielectric

Fig. 4 Charge density difference in 2D GeQDs doped with C (a) and Si (b) (blue and yellow regions correspond to charge depleted and charge

enhanced regions, respectively).
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uration (c).

function components in the x, y, and z directions converge,
suggesting a significant reduction in optical anisotropy. This
behavior implies that, at elevated energies, electromagnetic
waves propagate through the material with similar interaction
strengths in all directions.

Another important observation arises in the Si-doped
configuration, where a minimum in the real part of the dielec-
tric function in the x/y direction appears at approximately
5.2 €V, within the ultraviolet region. At this energy, Re(x/y) takes
on a small negative value, signifying that the system can
support electromagnetic wave propagation with minimal energy
loss, characteristic of materials exhibiting plasmonic or low-
loss optical transmission in the ultraviolet range. This
phenomenon may open promising avenues for applications in
optical transmission, plasmonic optical sensors, or small-scale
nano-waveguide devices.

Fig. 6 presents the optical absorption coefficients of pristine
GeQDs and those doped with C and Si atoms. As observed, the
absorption coefficients in the x and y directions are identical
across all configurations, reaffirming the in-plane optical isot-
ropy of the two-dimensional GeQDs. This isotropy reflects the
high structural symmetry and uniform electron distribution
within the x0y plane, which is characteristic of two-dimensional
materials with hexagonal or graphene-like geometries.

In the pristine and C-doped systems, the strongest absorp-
tion peak occurs along the z direction, corresponding to
a wavelength of approximately 150 nm—within the near-
ultraviolet (UV-C) spectral region. This suggests that these
configurations exhibit pronounced ultraviolet absorption when

© 2025 The Author(s). Published by the Royal Society of Chemistry

the incident radiation is perpendicular to the atomic plane,
indicating their potential utility in UV-sensitive devices such as
photodetectors or protective coatings.

By contrast, in the Si-doped configuration, the most prom-
inent absorption peak shifts to the in-plane x/y direction and
occurs at a wavelength near 250 nm, also within the ultraviolet
range. The variation in both the directionality and position of
the peak absorption between the C- and Si-doped systems
highlights the critical role of dopant species in modulating the
spatial distribution of electronic states and optical transitions.
These effects can be attributed to differences in electronega-
tivity and atomic radius between the dopants (C and Si) and the
host Ge atoms, which alter the local electronic structure and the
density of states at excitation-relevant energy levels.

Notably, in the visible spectral range (approximately 450 nm
and 600 nm) and the near-infrared region (around 1000 nm),
the absorption coefficients in the x/y directions still exhibit
distinct peaks—particularly in the Si-doped configuration. In
contrast, the z components of the absorption coefficients in all
configurations drop sharply to nearly zero for photon wave-
lengths exceeding 400 nm, indicating that the structures exhibit
negligible absorption in the visible and infrared regions when
the light is incident perpendicular to the material plane.

These findings demonstrate that the optical absorption
characteristics of GeQDs are not only governed by their
geometric and compositional structure but are also highly
sensitive to the polarization direction of incident electromag-
netic radiation. Specifically, the pristine and C-doped structures
show strong ultraviolet absorption when the electric field is

RSC Adv, 2025, 15, 19192-19203 | 19199


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra03236a

Open Access Article. Published on 06 June 2025. Downloaded on 1/18/2026 8:29:24 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Paper
4e+5
= - o-x
£ 3e+5 I Pristine GeQDs configuration oy
k=
@
S
&
% 2e+5 -
S
°
9]
2 le+5 |
<
0Oe+0 —
0 500 1000 1500 2000
a) Wavelength (nm)
4e+5 S5e+5
= @ a-Xx = 4de+5 | @ a-X
£ 3e+5 |- C-doped GeQDs configuration “a-y £ Si-doped GeQDs configuration -a-y
g 5 3e15 |-
S o
Ej 2e+5 |- g
H § 2e+5 |-
s =
fm; Te+5 |- Jg
< < 1ess |
0e+0 — 0e+0 —
0 500 1000 1500 2000 0 500 1000 1500 2000
b) Wavelength (nm) C) Wavelength (nm)

Fig. 6 Absorption coefficient components of pristine GeQDs configuration (a), C-doped GeQDs configuration (b), Si-doped GeQDs config-

uration (c).

aligned along the z-axis, while the Si-doped structure exhibits
enhanced absorption in the x0y-plane across a broader spectral
range, including visible and near-infrared wavelengths. This
polarization-dependent optical response underscores the
tunable nature of GeQDs and highlights their potential for use
in polarization-selective photodetectors, photovoltaic devices,
and directional optical communication systems.

Fig. 7 shows the Joint Density of States (JDOS) for pristine,
C-doped, and Si-doped GeQDs. The JDOS provides insight into
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Fig.7 Joint density of states (JDOS) of pristine GeQDs and C, Si doped
configurations.
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the number of available electron-hole pairs that can be excited
by incident photons of specific energies, thereby determining
the likelihood of interband optical transitions. In the low-
energy regime, for photon energies below 25 eV, the JDOS
profiles for all three configurations are nearly identical, sug-
gesting that in this energy range, the fundamental optical
transition mechanisms remain largely unaffected by doping.
This result indicates that while dopants significantly alter local
electronic distributions and optical anisotropy, they exert
minimal influence on the overall density of optically active
states at lower excitation energies.

However, within the photon energy range below 1.3 eV, the
JDOS remains nearly zero across all configurations, indicating
the absence of available electron-hole transitions at these low
energies. This implies that photons in the far-infrared and
microwave spectral regions do not possess sufficient energy to
induce optical transitions in the GeQDs systems under inves-
tigation. Consequently, these structures exhibit negligible
optical activity in the low-energy regime, thereby limiting their
potential use in infrared absorption or emission technologies.

As the photon energy increases beyond 25 eV, the JDOS
profiles exhibit pronounced peaks, indicating a sharp rise in the
number of electronic states capable of participating in optical
transitions. In this high-energy regime, differences between the
pristine and doped configurations become more distinct.
Notably, the Si-doped structure displays the highest JDOS peak,
suggesting that Si incorporation leads to a significant
enhancement in the density of optically active states in the deep

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ultraviolet (DUV) region. This increase supports the conclusion
that Si doping improves the material's optical transition effi-
ciency at high photon energies, making it a promising candi-
date for applications in DUV optoelectronic devices.

Overall, the JDOS analysis confirms that the ultraviolet range
is the most favorable for strong optical transitions in GeQDs-
based systems, corresponding to the highest electron-hole
generation density. While the visible region also supports
optical transitions, the associated JDOS values are significantly
lower, implying a reduced transition probability. Nonetheless,
this moderate activity in the visible spectrum may still be
advantageous for applications in photodetectors, light-emitting
devices, and solar energy harvesting that operate within the
visible light range.

The tunable electronic and optical properties of doped
GeQDs suggest several promising applications in next-
generation nanoscale devices. Specifically, the strong and
anisotropic absorption in the ultraviolet (UV) region, especially
prominent in the z-direction for pristine and C-doped systems,
and in the in-plane directions for Si-doped systems, highlights
their suitability for UV photodetector technologies.

Carbon doping leads to reduced buckling height and
enhanced planarity, which improves carrier mobility and
optical transition probability, crucial for efficient photo-
detection. Furthermore, the non-magnetic metallic behavior
combined with dopant-induced charge redistribution creates
built-in electric fields at the dopant sites, which can facilitate
fast charge separation, improving photoresponsivity. The C-
doped GeQDs, acting as strong electron acceptors, may func-
tion as efficient photoactive layers in UV photodetectors, where
their high UV absorption enables strong photocurrent genera-
tion under low-intensity UV light. The Si-doped GeQDs, with
enhanced charge donation and distinctive orbital hybridiza-
tion, could serve in plasmonic nanodevices or UV filters, where
fine-tuning the optical response is essential.

Beyond photodetection, the tunable band structure and
strong direction-dependent absorption suggest potential use in:
nanoscale field-effect transistors (FETs), where dopant-
controlled conduction properties can be exploited for switch-
ing behavior. Quantum optoelectronic devices, where the zero-
dimensional confinement and discrete energy levels of QDs
benefit from the dopant-induced modulation of energy states.
Thus, the ability to engineer optical anisotropy and electronic
behavior through selective doping provides a versatile platform
for customizing GeQDs for specific optoelectronic applications.

5. Conclusions

This study has systematically investigated the structural, elec-
tronic, and optical properties of two-dimensional germanene
quantum dots (GeQDs) in their pristine form as well as when
doped with carbon (C) and silicon (Si) atoms. All considered
configurations exhibit non-magnetic metallic behavior, with the
doping process inducing notable structural and electronic
modifications. In particular, the introduction of C atoms
significantly reduces the buckling height, indicating a stronger
planarization effect compared to Si doping. Partial density of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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states (PDOS) and multi-orbital hybridization analyses revealed
that while all systems share fundamental characteristics, the Si-
doped configuration exhibits distinct orbital interactions,
particularly in the high-energy regime. Charge density differ-
ence analysis further confirms the contrasting electronic roles
of the dopant atoms: C atoms tend to attract electronic charge
from surrounding Ge atoms, consistent with their higher elec-
tronegativity, whereas Si atoms act as charge donors. The
optical response analysis shows that all systems exhibit low
absorption in the far-infrared and microwave regions, with
optical absorption increasing at higher photon energies.
Anisotropic optical behavior is evident at photon energies below
9 eV, where isotropy is confined to the in-plane (x0y) directions.
Above 9 eV, isotropy emerges in all spatial directions, indicating
uniform electromagnetic interaction at high energies. Strong
ultraviolet absorption was observed across all configurations,
particularly in the z-direction for pristine and C-doped systems
and in the x0y plane for the Si-doped configuration. Further-
more, although absorption in the visible region is relatively
moderate, it remains sufficient to support optoelectronic
applications. These findings highlight the potential of pristine
and doped GeQDs for integration into nanoscale electronic and
optoelectronic devices, such as high-performance transistors,
ultraviolet photodetectors, and components for next-generation
integrated circuits. The tunable electronic and optical proper-
ties via dopant selection provide a promising route for material
engineering in quantum-scale systems.
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