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def2-TZVP). The high-local-exchange functional HLE16, without Hartree-Fock exchange, effectively reproduces
optical gaps using HOMO-LUMO gaps, offering a cost-effective alternative to hybrid functionals and TDDFT in
nanoscale systems. Size (quantum confinement effects) and termination ligands (surface effects) significantly

impact energy gaps: nonpolar CH; had minimal effects, while polar ligands reduced gaps notably. Finally, ECP
basis sets like CRENBL are better suited for NP electronic structures than all-electron basis sets.

1. Introduction

The investigation and manipulation of the electronic structure of
nanoparticles (NPs) with Group-14 elements like silicon (Si) and ger-
manium (Ge), particularly focusing on the band gap [1], have gained
increasingly important in advancing low-cost optoelectronics and pho-
tovoltaics [2,3]. The optoelectronic characteristics of these NPs can
be tailored by adjusting their sizes (quantum confinement) or utiliz-
ing different surface ligands for passivation (surface chemistry) [4].
Computational modeling, especially through density functional theory
(DFT), has been extensively employed due to challenges in precisely
determining nanocluster sizes and investigating substitution effects
from experiments, especially for very small nanoclusters. This com-
putational approach enables a detailed examination of the electronic
structure and optical properties, including the DFT-calculated orbital
energy gap between the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO), as well as the optical
gap determined using linear-response time-dependent DFT (TDDFT).
While accurately and efficiently determining these gaps is crucial for
designing and discovering new materials with desired properties, it has
remained a persistent challenge in quantum chemistry.

Passivating the surface mainly with atomic hydrogen is common
due to computational cost considerations [5-8]. Other ligands used
to passivate the surface of Si NPs have also been investigated, in-
cluding halogen [9-14], double-bonded oxygen [15-17], hydroxyl
groups (OH) [9,10,12,16-20], amino groups (NH,) [9-12,18-20], and
alkyl groups [9,10,12,21]. These investigations mainly used the hybrid
B3LYP functional because its inclusion of nonlocal Hartree—Fock ex-
change can address the well-known tendency of local functionals to
underestimate the band gap or orbital gap [22-27]. To the best of our
knowledge, only one study has aimed to theoretically investigate the
effects of surface passivation on three-dimensional Ge NPs using the
B3LYP method [28]. The limited study of Ge NPs may be attributed
to the significantly higher computational cost associated with Ge NPs
compared to Si NPs of the same size. However, these studies mostly
limit the size of NPs to less than 2 nm due to the high computational
cost associated with hybrid functionals. Hybrid functionals increase
the computational cost by at least an order of magnitude compared
to local functionals, depending on the specific functionals used, the
systems being studied, and the computer programs employed. The
computational challenge of obtaining optical gaps using TDDFT is even
more significant due to the computational cost per state and the large
memory requirements of the iterative eigensolver [29]. This can render
TDDFT calculations intractable for large systems, especially when using
high-quality basis sets, or necessitate substantial high-performance
computing resources. Since the HOMO-LUMO gap can approximate the
optical gap [30,31], it is beneficial if the DFT-computed HOMO-LUMO
gap accurately reflects the optical gap in practical terms.

To overcome the computational challenges for obtaining optical
gaps using time-consuming hybrid functionals and TDDFT, this work
demonstrates that a low-cost, high-local-exchange density functional
without Hartree—Fock exchange can accurately reproduce the TDDFT
optical gap for NPs by utilizing the ground state HOMO-LUMO gap.
The high-local-exchange strategy provides an efficient method for de-
termining the optical gap across systems of various sizes and with
different ligands, ensuring consistent accuracy. Specifically, the high
local exchange 2016 (HLE16) functional [23], which has been demon-
strated to yield good results for band gaps and perform similarly to

the well-established hybrid HSE06 functional [27], will be used in this
work. HLE16 is a generalized gradient approximation (GGA) functional
specifically calibrated to adjust the exchange and correlation compo-
nents of HCTH/407 [32] by factors of 1.25 and 0.50, respectively.
These empirical adjustments were carefully selected to ensure that
HLE16 provides accurate predictions for the band gaps of solids and
excitation energies of molecules [23].

2. Computational details

In this study, we use core structures of Si spherical-shaped NPs with
diameters of 1.35 nm and 2.38 nm, comprising 68 and 286 Si atoms,
respectively. Similarly, core structures of Ge spherical-shaped NPs with
diameters of 1.41 nm and 2.48 nm, containing 68 and 286 Ge atoms,
respectively, are also examined. These core structures were constructed
using the cluster module of the Atomic Simulation Environment (ASE)
library in Python [33], with lattice constants of 5.431 A for Si NPs
and 5.658 A for Ge NPs. The diameters were defined as the maximum
distance between any two heavy atoms within the NPs. Their fully
H-passivated structures, SiggHgg, SizggHisg, GeggHgg, and GegggHisg,
were fully optimized using the SPW92/def2-SVP level of theory [34-
36], which has been demonstrated to reliably reproduce experimental
lattice constants [37]. Additionally, other fully terminated Si and Ge
cores were studied using different functional groups to account for their
embedding in various dielectric matrices, including F, NH,, OH, and
CHj;, corresponding to metal fluoride, Si;N,, SiO,, and SiC, respec-
tively [9]. The core structures were held fixed at their corresponding
H-passivated configurations, while only the structures of the functional
groups were optimized using the GFNO-xTB method [38] with the xtb
program package [39]. The HOMO-LUMO gaps of 1.4 nm Si and Ge
NPs passivated by H, F, NH,, OH, and CH; were calculated using the
HLE16 functional [23], the popular B3LYP functional, and the well-
established HSE-HJS functional (screened-exchange HSE06 using the
updated HJS PBE exchange hole model) [40,41]. The hybrid B3LYP
functional is used in this work due to its popularity in investigating
energy gaps for nanoparticles, while the hybrid HSE-HJS functional
is chosen for its well-known good performance in energy gap calcula-
tions. TDDFT calculations, both with and without the Tamm-Dancoff
approximation (TDA) [42], were employed to determine the optical
gap. In TDDFT, the optical gap is defined as the energy of the lowest
allowed electronic transition, which corresponds to transitions with
nonzero oscillator strength. We observed that TDDFT calculations with
and without employing TDA yield the same excitation energies in both
Si and Ge NPs, therefore only TDDFT/TDA will be discussed below.
The CRENBL basis set with corresponding effective core potentials
(ECPs) [43,44] on C, N, O, F, Si, and Ge was used for all these
calculations. Additionally, the all-electron Karlsruhe basis sets, double-
¢ def2-SVP and triplet-¢ def2-TZVP [36], were also employed for these
calculations due to their good performance with DFT and their avail-
ability for nearly all elements in the periodic table. It is worth noting
that previous computational studies on Si and Ge NPs utilized small
double-¢ basis sets to determine ligand effects on the HOMO-LUMO
and optical gaps. This work represents the first investigation of these
gap values using both the Gaussian basis set with ECPs (CRENBL) and
the triple-¢ basis set (def2-TZVP). Both HOMO-LUMO and optical gaps
of 2.4 nm Si and Ge NPs with H terminations were explored using
the HLE16/CRENBL level of theory. Since nearly identical values were
found for both HOMO-LUMO and optical gaps in all the aforemen-
tioned calculations shown in this work, the effects of F, OH, NH,,
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Table 1

The HOMO-LUMO gaps (4Ey; ) and the optical gaps (4Eq,g) in eV were calculated
for 1.35 nm of Si NPs with surface terminations of H, F, NH,, OH, and CH; using DFT
and TDDFT/TDA methods, respectively. The calculations employed the HLE16, B3LYP,
and HSE-HJS functionals with the CRENBL basis set. The response shift (RS) is defined
as the difference between 4E, and AEy, .

Ligand HLE16 B3LYP HSE-HJS

AEy, AEgys RS AEy, AEg,c RS AEy, AEgys RS
H 3.81 3.82 0.01 4.41 3.88 -0.53 3.81 3.70 -0.11
F 2.83 2.85 0.02 3.54 3.06 -0.48 297 290 -0.07

NH, 223 222 —-0.01 3.05 2.63 —-0.42 2.50 2.47 —-0.03
OH 2.07 2.09 0.02 2.64 227 -0.37 212 2.08 -0.04
CH; 3.21 3.23 0.02 4.00 3.51 -0.49 3.43 3.33 -0.10

and CH; ligands on 2.4 nm Si and Ge NPs were solely investigated
based on the HOMO-LUMO gaps at the HLE16/CRENBL level. The
response shift (RS) [30], defined as the difference between the optical
gap and the HOMO—-LUMO gap, was employed to quantify the disparity
between them. All Si and Ge NPs considered here exhibit a closed-
shell electronic structure in the ground state. The most time-consuming
calculation in this study involves the 2.48 nm Ge NP terminated by CHj,
which consists of 918 atoms and requires 13,102 basis functions using
the CRENBL basis set. All DFT calculations for HOMO-LUMO gaps and
TDDFT calculations, both with and without TDA, for optical gaps were
carried out using a locally modified version of Q-Chem [45].

3. Results and discussion
3.1. Silicon nanoparticles

The HOMO-LUMO gaps (4Ey; ) and the optical gaps (4Eqyg) for
1.35 nm of Si NPs with various surface terminations and different
computational methods are presented in Table 1. AEy; and AEqug
exhibit very good agreement, with RS ranging from —0.01 to 0.04 eV
using HLE16. This indicates that AEy; serves as a reliable approxima-
tion for AEq,, making it a viable substitute in cases where TDDFT
calculations are not feasible. It has been demonstrated that there exists
a strong correlation between RS and the proportion of Hartree—Fock
exchange integrated into the hybrid density functional [30]. Hybrid
functionals incorporating around 10% of Hartree—Fock exchange may
produce an average RS of zero, thereby aligning AE;; more closely
with molecular excitation energies [30]. Our work here indicates that
AEy,, can effectively approximate AEq,; when using the high-local-
exchange HLE16 functional, even in the absence of the computationally
demanding Hartree—Fock exchange. For HSE-HJS, which is commonly
used in energy gap calculations, the RS values range slightly larger
from —0.11 to —0.03 eV, making AE;; still a good approximation
for AEqy. The mean absolute deviation (MAD) between AEy, from
HLE16 and AE,g from the more time-consuming hybrid functional
HSE-HJS is just 0.11 eV, highlighting their close agreement. B3LYP
exhibits a larger RS range from —0.49 to —0.33 eV, indicating that AEy;
cannot effectively represent AEq. The largest deviation, with an RS
of —0.49 eV, occurs with the hydrogen termination. This value aligns
with previous observations that AE, of large H-passivated Si NPs can
be estimated by adding a constant correction of —0.5 eV to AEy; at the
B3LYP level [5,15].

The ligand significantly impacts the electronic structure of Si NPs,
leading to a significant reduction in both AEy; and AEq,. The gaps
decrease in the following order of ligands: H > CH; > F > NH, > OH
for all three functionals, indicating an increase in optical activity. This
observation aligns with previous findings for Si NPs of similar size [9].
The gaps are influenced weakly by replacing H by a nonpolar ligand
CH;, resulting in reductions of AEy; by 0.6, 0.4, and 0.4 eV using
HLE16, B3LYP, and HSE-HJS, respectively. This observation aligns with
previous studies indicating that changing the termination from H to
CH; has little impact on the AEy; of Si NPs [9,21,46]. Polar ligands
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Table 2

The HOMO-LUMO gaps in eV were calculated for different sizes of Si and Ge NPs
with surface terminations of H, F, NH,, OH, and CH; using HLE16/CRENBL. The 4,
value in eV represents the reduction in AE,; by increasing the NPs by approximately
1 nm.

Ligand Si Ge
1.35 nm 2.38 nm Age 1.41 nm 2.48 nm Agie
H 3.81 2.69 -1.12 3.27 2.18 -1.09
F 2.83 2.45 -0.38 2.15 1.58 -0.57
NH, 2.23 2.07 -0.16 1.55 1.09 —-0.46
OH 2.07 1.61 —-0.46 1.80 1.50 -0.30
CH, 3.21 2.48 -0.73 2.69 1.90 -0.79
Table 3

The HOMO-LUMO gaps (4Ey ) and the optical gaps (4Eq,q) in eV were calculated
for 1.35 nm of Si NPs with surface terminations of H, F, NH,, OH, and CH; using
DFT and TDDFT/TDA methods, respectively. The calculations employed the HLE16
functional with all-electron def2-SVP and def2-TZVP basis sets. The response shift (RS)
is defined as the difference between AEq,; and AEy .

Ligand def2-SVP def2-TZVP

AEy; AEqy G RS AEy; AEgyG RS
H 3.48 3.50 0.02 3.46 3.46 0.00
F 2.69 2.70 0.01 2.67 2.69 0.02
NH, 2.39 2.40 0.01 2.42 2.41 -0.01
OH 2.15 2.16 0.01 2.12 213 0.01
CH, 2.99 3.03 0.04 2.97 3.00 0.03

can significantly impact the electronic structure of NPs, resulting in
large reductions in the gaps. For 1.35 nm Si NPs, replacing H by F,
NH,, and OH ligands can reduce the gaps by 1.0, 1.6, and 1.7 eV,
respectively. Additionally, experimental findings have shown that the
photoluminescence (PL) of H-passivated Si NPs undergoes a red shift
after exposure to oxygen [47], and the PL of Si NPs embedded in Si;N,
undergoes a blue shift compared to Si NPs of the same size embedded
in SiO, [48]. These observations align with our research, where we
observe a reduction in gaps via redshift from H to OH ligands, and an
increase in gaps via blue shift from OH to NH, ligands.

For the Si NP passivated with H and having a diameter of 2.38 nm,
AEy,, again exhibits very good agreement with AEq,, with an RS
value of 0.01 eV. Therefore, we exclusively use AEy; at the
HLE16/CERNBL level to discuss the gap change of Si NPs when in-
creasing the size from 1.35 to 2.38 nm, as shown in Table 2. For
larger sizes of silicon NPs, the gaps decrease in the same order of
ligands as the smaller NPs. However, the influence of the interface
termination decreases with increasing NP size. The AEy; value of the Si
NP, passivated with H, decreases significantly by 1.12 eV when its size
increases by approximately 1 nm. The nonpolar ligand CH; reduces
the size effect to 0.73 eV. The three polar ligands, F, NH,, and OH,
show relatively small size effects by reducing the gaps by 0.38, 0.16,
and 0.46 eV, respectively. The AEy; values of NPs with polar ligands
do not significantly change with an increase in the size of the Si core.
This indicates that polar ligands play a crucial role in governing the
electronic structure of Si NPs and mitigating the impact of quantum
confinement as compared to Si NPs with nonpolar ligands. In other
words, the interface termination can counteract the effects of quantum
confinement. Of all tested ligands for Si NPs, the OH ligand exhibits the
most significant reduction in the gap at the same core size, while NH,
demonstrates the most effective reduction in quantum confinement
effects through size variation.

The Si NPs with diameters of 1.35 nm and all five passivations were
calculated using the all-electron def2-SVP and def2-TZVP basis sets
with HLE16 as shown in Table 3. It is clear that both all-electron basis
sets exhibit very small values of RS for all ligands, indicating that the
close-to-zero RS is not due to ECPs. Additionally, both basis sets exhibit
very similar AEy; and AEg,q values, with a maximum deviation of
only 0.04 eV observed for the H-passivated NP in AEq,g. Thus, the
def2-SVP basis set can be considered as a converged all-electron basis
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Table 4

The HOMO-LUMO gaps (4Ey; ) and the optical gaps (4Eq,g) in eV were calculated
for 1.41 nm of Ge NPs with surface terminations of H, F, NH,, OH, and CH; using DFT
and TDDFT/TDA methods, respectively. The calculations employed the HLE16, B3LYP,
and HSE-HJS functionals with the CRENBL basis set. The response shift (RS) is defined
as the difference between 4E, and AEy, .
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Table 5

The HOMO-LUMO gaps (4Ey ) and the optical gaps (4Eq,q) in eV were calculated
for 1.41 nm of Ge NPs with surface terminations of H, F, NH,, OH, and CH; using
DFT and TDDFT/TDA methods, respectively. The calculations employed the HLE16
functional with all-electron def2-SVP and def2-TZVP basis sets. The response shift (RS)
is defined as the difference between AEq,; and 4Ey; .

Ligand HLE16 B3LYP HSE-HJS Ligand def2-SVP def2-TZVP

AEy, AEgys RS AEy, AEg,c RS AEy, AEgys RS AEy AEqyg RS AEy AEqyg RS
H 3.27 331 0.04 3.92 343 -0.49 3.43 3.33 -0.10 H 3.51 3.53 0.02 3.48 3.46 —-0.02
F 215 215 0.00 291 245 —-0.46 248 241 —-0.07 F 2.50 2.51 0.01 2.53 2.54 0.01
NH, 1.55 1.55 0.00 2.53 219 —-0.34 2.10 2.06 —-0.04 NH, 2.01 2.03 0.02 2.10 2.09 —-0.01
OH 1.80 1.79 -0.01 2,50 217 -0.33 2.07 2.05 —-0.02 OH 2.23 2.24 0.01 2.31 231 0.00
CH; 2.69 2.70 0.01 3.54 3.07 -0.47 3.16 3.07 -0.09 CH; 2.99 3.00 0.01 2.97 2.99 0.02

set for conducting AEy; and 4Eq, calculations in Si NPs. Compared
to CRENBL, AEy; exhibits deviations of up to 0.33 eV for the H-
passivated NP when using def2-SVP. Specifically, the H, F, and CH;
terminations display smaller AEy; values with def2-SVP compared to
CRENBL. Conversely, the NH, and OH terminations demonstrate larger
AEy; values with def2-SVP compared to CRENBL. However, we will
demonstrate below that CRENBL is a more suitable basis set for NP
calculations when comparing AEy; values between Si and Ge NPs. This
preference may be attributed to the proper treatment of relativistic
effects in the CRENBL ECP.

3.2. Germanium nanoparticles

The AEy;, and AEq, values for Ge NPs with diameters of 1.41 nm,
terminated by the same five ligands, are detailed in Table 4 using
HLE16, B3LYP, and HSE-HJS with CRENBL. The results for Ge NPs
using HLE16 mirror those of Si NPs, with RS values near zero (from
—0.01 to 0.04 eV), signifying the reliability of using AEy; to approxi-
mate AEq, without necessitating Hartree—Fock exchange. Similarly,
RS values for HSE-HJS are slightly larger, ranging from —0.10 to —0.02
eV, while for B3LYP, they are significantly larger, ranging from —0.49
to —0.33 eV. The MAD between AE;; calculated using HLE16 and
AEq, obtained from the more time-consuming hybrid functional HSE-
HJS is 0.29 eV, which is higher than that observed for Si NPs. The
decrease in gaps follows the same order observed for Si NPs: H > CHj;
> F > NH, > OH using B3LYP and HSE-HJS. Notably, the difference in
energy gap between NH, and OH is only 0.03 eV. However, when using
HLE16, the gap order for NH, and OH reverses, with OH > NH, by
0.25 eV for AEy; or 0.24 eV for AEq . Similar to Si NPs, the gaps are
weakly influenced by replacing H with a nonpolar ligand CHj3, resulting
in reductions of AEy; by 0.6, 0.4, and 0.3 eV using HLE16, B3LYP, and
HSE-HJS, respectively. The three polar ligands show gap reductions
in the range of 1.1-1.7 eV, 1.0-1.4 eV, and 1.0-1.4 eV when using
HLE16, B3LYP, and HSE-HJS, respectively.

For the Ge NP passivated with H and having a diameter of 2.48 nm,
AEy;, once again shows very good agreement with 4Eq, g, with an RS
value of 0.01 eV at the HLE16/CERNBL level. Regarding the 2.48 nm
Ge NPs, the gaps decrease in the same order of ligands as the smaller
NPs. As with Si NPs, the impact of the interface termination diminishes
as the size of Ge NPs increases. The AEy; of the H-passivated Ge NP
reduces notably by 1.09 eV as its size increases by approximately 1 nm,
mirroring a similar reduction of 1.12 eV seen in the corresponding
Si NP. The nonpolar ligand CH; diminishes the size effect to 0.79
eV, a value similar to the 0.73 eV observed in the corresponding Si
NP. The polar ligands F, NH,, and OH demonstrate modest impacts
on size, reducing the gaps by 0.57, 0.46, and 0.30 eV, respectively.
This further illustrates how polar ligands can mitigate the impact of
quantum confinement, leading to smaller changes in the energy gap
related to size variations. Of all the ligands tested for Ge NPs, NH,
shows the most significant reduction in the gap for the same size of
NP, while OH is most effective in mitigating quantum confinement
effects by adjusting its size. This observation differs from the trends

observed in Si NPs. Thus, NH, and OH ligands can uniquely influence
the properties of Si and Ge NPs, leading to modifications in energy
gaps and quantum confinement effects. These distinct effects offer an
efficient strategy to customize the desired optical properties across
different Si and Ge NP sizes.

We utilized the all-electron def2-SVP and def2-TZVP basis sets with
HLE16 to calculate RS values and assess the influence of ligands on the
energy gaps of Ge NPs as shown in Table 5. The obtained RS values
are consistently close to zero, indicating the suitability of using AEy;
to represent AEq, in Ge NPs as well. Both basis sets demonstrate
very similar AEy and AEq,g values, with the NH,-passivated NP
showing a maximum deviation of only 0.09 eV in AEy; . This deviation,
although slightly larger than the 0.04 eV maximum observed for Si
NPs, remains quite small. The def2-SVP basis set continues to be a
converged all-electron basis set for conducting calculations involving
AEy;, and AEq,g in Ge NPs, eliminating the need for triplet-{ basis
sets. Compared to CRENBL, there are deviations of up to 0.46 eV in
AEy; for the NH,-passivated NP when using def2-SVP. For NPs with
all five different terminations, the energy gaps (4Ey or 4Ey,g) are
larger for 1.35 nm Si NPs compared to 1.41 nm Ge NPs when using
CRENBL. This trend aligns with the bulk energy gaps of Si (1.17 eV)
and Ge (0.74 eV) at 0 K [49]. However, this trend is not consistent
for H-, OH-, and CH;-passivated NPs when using both all-electron basis
sets. This discrepancy may arise from the inclusion of relativistic effects
in the CRENBL ECP, which are not accounted for in all-electron def2-
SVP and def2-TZVP basis sets, especially for Ge NPs. Therefore, it is
recommended to utilize ECP basis sets when calculating Si and Ge NPs,
as they not only offer faster computations but also capture the relevant
physics accurately.

4. Conclusions

We investigated HOMO—-LUMO and optical gaps of Si and Ge NPs
with five different terminations (H, F, NH,, OH, CH;) and two sizes (1.4
and 2.4 nm) using various DFT functionals (HLE16, B3LYP, HSE-HJS)
and basis sets (CRENBL, def2-SVP, def2-TZVP). While a previous study
suggested including approximately 10% of Hartree—Fock exchange to
reproduce the optical gaps using only HOMO-LUMO gaps [30], our
results show that the high-local-exchange functional HLE16 achieves
the same outcome for NPs without costly Hartree—Fock exchange.
This provides a practical and cost-effective strategy in generating op-
tical gaps using ground state HLE16 calculations at relatively low
cost without computational challenges from hybrid functionals and
TDDFT, therefore recommended for nanostructures where the high cost
of hybrid functionals or TDDFT can make them impractical for such
applications. This efficient approach also facilitates the generation of
large datasets for training machine learning models to predict optical
gaps without relying on ab initio calculations [50], especially given
the limited availability of reliable experimental data for NPs. It should
be noted that TDDFT calculations are still necessary if the optical
spectrum, not just the gap, is required.
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Moreover, our study highlights the impact of size and termination
ligands on energy gaps in Si and Ge NPs. Nonpolar ligands like CH;
have minimal effects on gaps compared to H, while polar ligands (F,
NH,, and OH) can significantly reduce gaps. The interface between the
NP and ligand plays a crucial role in determining electronic structure,
competing with quantum confinement effects. For Si NPs, the OH ligand
exhibits the largest reduction in energy gaps, while NH, mitigates
quantum confinement effects. In contrast, NH, is most effective in re-
ducing gaps for Ge NPs, with OH being effective in mitigating quantum
confinement effects. Overall, the interplay between quantum confine-
ment and interface termination influences the electronic and optical
gap engineering of Si and Ge NPs. Lastly, ECP basis sets like CRENBL
are better suited for describing NP electronic structures compared to
all-electron basis sets, as indicated by our results aligning with bulk
trends.
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