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ABSTRACT: Low-dimensional organic metal-halide hybrids (LD-
OMHHs) are a promising class of materials for applications in
optical, magnetic, and quantum information technologies.
Computational understanding of these materials necessitates
reliable and efficient methods for property prediction, such as
predicting the electronic band gap. This work systematically
benchmarks three density functional theory (DFT) functionals as
well as the impact of spin−orbital coupling on the band gap
predictions for 110 experimentally reported LD-OMHHs. Surpris-
ingly, the band gap predicted by the generalized gradient
approximation (GGA) aligns similarly or better with experimen-
tally measured values compared to two meta-GGA methods.
Furthermore, spin−orbital coupling shows a limited impact on
these predictions. The potential existence of significant excitonic effects might explain the discrepancies between meta-GGA and
experimental band gaps. Our research also reveals that the direct use of the GGA functional can already be practical and efficient for
high-throughput screening of LD-OMHHs with reasonable band gaps.

1. INTRODUCTION
Low-dimensional organic metal-halide hybrids (LD-
OMHHs)1−4 have recently been developed as versatile
material platforms with applications in various types of
optoelectronic devices, such as photovoltaic cells (PVs),
light-emitting diodes (LEDs), and photodetectors for their
unique and remarkable optical and electronic properties.5−8

Unlike conventional perovskite structures with metal-halide
polyhedra connecting to form 3D frameworks, LD-OMHHs
contain anionic metal-halide species isolated and surrounded
by organic cations, forming 2D, 1D, and 0D structures at the
molecular level.9,10 Due to the site isolation and quantum
confinement effects, LD-OMHHs exhibit distinct properties as
compared to their 3D perovskites. For instance, the corrugated
2D- and 1D-OMHHs with electronic band formation and
structural distortions exhibit broadband emissions from a
combination of direct and self-trapped excited states,
producing near-white emissions.4,11,12 0D-OMHHs without
electronic band formation show broadband emissions from the
reorganized excited states, with high photoluminescence
quantum efficiencies (PLQEs) of up to 100%.3,13−16

Accurate prediction of properties of such OMHHs urges a
systematic benchmark against experimental results. Among all
of these applications, one common purpose for theoretical
computation is to predict the band structure and band gap.
However, which DFT functional is optimal for exploring and
predicting the band gap of LD-OMHH systems remains
uncertain. In this work, we have conducted a systematic

evaluation of the prediction power of different DFT functionals
in terms of band gap prediction for LD-OMHHs, in particular,
0D and 1D ones. The experimental band gaps of 56 0D-
OMHHs and 54 1D-OMHHs are extracted from the literature
to serve as the “ground truth” of our prediction. Four types of
DFT setups, generalized gradient approximation (GGA), GGA
with spin−orbital coupling (denoted as GGA+SOC),
R2SCAN, and TASK, are benchmarked against the 110
OMHHs. Specifically, R2SCAN is shown as a low-scaling
meta-GGA method17 that is able to offer an accurate
prediction of both formation enthalpy and band gaps.18−21

On the other hand, TASK has emerged as a meta-GGA
method that has lower computing cost than hybrid functionals
but offers similar performance in terms of predicting band gaps
for perovskite and perovskite-related materials.22,23 Surpris-
ingly, we have found that the GGA level of theory outperforms
TASK and gets very close to R2SCAN in terms of predicting
band gaps for 0D- and 1D-OMHHs. Given that it is well
known in the field of DFT that semilocal methods such as
GGA will always underestimate the band gap,22,24,25 our
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unexpected observations reveal that there could be unprece-
dented excitonic effects in such systems, which make the DFT-
predicted band gap differ a lot from the optical band gap.
Nevertheless, our analysis indicates that GGA by itself will be
useful to massively screen down OMHHs with appropriate
optical band gaps, while a more physically insightful
investigation may be needed for a short list of materials by
combining the hyper-GGA level of theory or beyond with
experimental measurement of the excitonic effect.25

2. METHODOLOGY
To investigate the electronic properties of 0D- and 1D-
OMHHs, density functional theory (DFT) calculations were
carried out using the Vienna ab initio simulation package
(VASP)26 and the projector-augmented wave (PAW)
method.27,28 A reciprocal mesh discretization of 25 Å−1 was
used for each calculation. Both lattice parameters and atomic
positions were relaxed in DFT calculations. The convergence

criteria were set to 10−6 eV for electronic iterations and 0.05
eV/Å for ionic iterations. Such a convergence criterion has
been tested to give neglectable energy difference compared to
a much stricter accuracy setup. A Gaussian-type smearing of
the Fermi level was applied. A plane-wave energy cutoff of 520
eV was used for all of the calculations. All structural
optimizations were done with GGA before applying different
methods for band structure calculations.
Many 0D and 1D-OMHHs have large unit cells of more

than 100 atoms, and in some cases larger than 500 atoms. It is
possible to calculate a few band structures with higher-level
theory, such as hybrid functionals, GW, random-phase
approximation, Quantum Monte Carlo,29−34 etc. However,
given the extremely high cost of doing high-throughput
screening with such functionals, we have tested only four
small systems of 0D- and 1D-OMHHs using HSE06 and
regard the use of hyper-GGA or higher-level theory as
impractical for large-scale screening of OMHHs.

Figure 1. Representative atomic structures of 0D- and 1D-OMHHs: (a) 0D-(C3H12N2)2Sb2Cl10, (b) 0D-(C13H12N)2CdCl4, (c) 0D-
(C38H34P2)MnBr4, (d) 1D-C3N2H12CuI3, (e) 1D-(C11H9N)PbBr3, and (f) 1D-(C20H16N2)Pb3Cl6.

Figure 2. Chemical spaces of examined 0D- and 1D-OMHHs: (a) metal species and (b) number of carbon atoms per organic cation (denoted as
Nc per cation) of 0D-OMHHs; (c) metal species and (d) Nc per cation of 1D-OMHHs.
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3. RESULTS
3.1. Coverage of Chemical Spaces of OMHHs. The

atomic structures of 56 zero-dimensional (0D) OMHHs and
54 one-dimensional (1D) OMHHs have been obtained from
the experimental literature. Three representative atomic
structures for both 0D- and 1D-OMHHs are displayed in
F igure 1 . The organ i c ca t ions in compounds
(C3H12N2)2Sb2Cl10, (C13H12N)2CdCl4, and (C38H34P2)MnBr4
have been selected to exemplify the 0D-OMHHs, which vary
in the amount of carbon per organic cations, as shown in
Figure 1(a)−1(c). Similarly, C3N2H12CuI3, (C11H9N)PbBr3,
and (C20H16N2)Pb3Cl6 have been chosen to represent the 1D-
OMHHs, which differ in the size of the organic cations based
on the carbon content, as depicted in Figure 1(d)−(f). This
also clarifies that the terms 0D and 1D refer to the connectivity
topology of the metal-halide polyhedra (Figure 1). Specifically,
0D-OMHHs contain isolated metal-halide polyhedra periodi-
cally interspersed with organic cations, whereas 1D-OMHHs
consist of a one-dimensional periodic chain of metal-halide
motifs.
Additionally, the compositional space of our examined

compounds is demonstrated in Figure 2. Particularly, 56 0D-
OMHHs and 54 1D-OMHHs are obtained from the existing
literature. The coverage of chemical spaces can be demon-
strated by the histogram shown in Figure 2. These compounds
are grouped based on the metal species as well as the number
of carbon atoms of each organic cations (denoted as Nc per
cations in Figure 2(b) and 2(d)). It can be inferred from
Figure 2(a) and Figure 2(c) that the band gaps of 0D-OMHHs
reported experimentally are more diverse in metals, while
around 55.56% of 1D-OMHHs are Pb-containing compounds,
in contrast to only 3.57% of Pb-containing compounds in the
case of 0D-OMHHs. Moreover, it can also be inferred from
Figure 2(b),(d) that 0D-OMHHs, in general, accommodate
larger cations with more carbon; this can be represented by
compounds that have more than 21 C atoms per cation for 0D-
OMHHs as shown in Figure 2(b), which is absent for 1D cases
shown by Figure 2(d). Some of the representative 0D-
OMHHs with large organic cations can be represented by
(C38H34P2)MnBr4 with (C38H34P2)+ as the organic cation,

35

C24H20PCuBr2 with (C24H20P)+ as the organic cation, as well
as (C24H20P)2Cd2Br6 with (C24H20P)+ as the organic cation.
Such a distribution of cation size can be understood as the fact
that there is much less topological constraint for 0D-OMHHs
as the metal-halide polyhedron does not need to connect in a
way to maintain the periodicity of the inorganic motif in any
dimension.

3.2. Comparison among GGA, R2SCAN, and TASK.
With the establishment of all data sets, we then computed the
band structure using three types of functionals: GGA,
R2SCAN, and TASK. GGA is the most widely used functional
and offers a reasonable estimation of material properties in
many situations.36 On the other hand, R2SCAN17,37,38

emerged recently as a low-scaling meta-GGA method that
offered improved accuracy for many properties, such as
formation enthalpy, decomposition energy, as well as
mechanical properties. Last but not least, TASK was also
selected for comparison as it was recently reported to be
functional and capable of predicting the band gap with similar
behavior to the HSE level of hybrid functionals but with much
less cost.22 It is also reported that TASK offers a better
prediction of the band gap of halide perovskites, which is a

chemical system close to that of the material systems discussed
in this work.
The parity plot of the experimental band gap versus DFT

computed band gap using different functionals is demonstrated
in Figure 3. The band gap values of experimental, GGA,

R2SCAN, and TASK for 0D- and 1D-OMHHs are listed in
Tables S1 and S2. Here, 0D-OMHHs and 1D-OMHHs are
separated to check whether the dimensionality of the metal-
halide bond topology will play a role in the prediction
accuracy. Several interesting observations can be made from
Figure 3. Particularly, R2SCAN tends to show the best
prediction accuracy among the three functionals for both 0D-
and 1D-OMHHs. However, the mean absolute error (MAE)
predictions from R2SCAN are quite close to those from GGA,
with a slight difference of 0.16 eV for the 0D case versus 0.03
eV for the 1D case. On the other hand, TASK tends to mostly
overestimate the band gap with the MAE values being 0.99 eV
for 0D cases and 0.98 eV for 1D cases, which is 0.31 and 0.33
eV larger than the GGA prediction. The observation for band
gap prediction from TASK is also consistent with the fact that
the HSE level of theory tends to predict a larger band gap than
the GGA level of theory,39−42 particularly considering that
TASK is claimed to be able to match HSE band structure
prediction with much lower computing cost.22 On the other
hand, both R2SCAN and TASK tend to predict larger band
gap values than GGA in general. This is also consistent with
the typical understanding that GGA tends to underestimate
band gaps compared to other DFT methods.17,24,37,43,44

In addition to Figure 3, we have listed all compounds with
GGA band gaps closest to the experimental values in Tables 1
and 2. Overall, there are 19 0D-OMHHs and 24 1D-OMHHs
whose GGA predicted band gaps closely match with
experimental values, compared to the entire 56 0D-OMHHs
and 54 1D-OMHHs considered in this study. Meanwhile,
R2SCAN predicted the closest band gap values for 23 0D-
OMHHs and 11 1D-OMHHs compared to experiments,
whereas TASK provided the closest predictions for 14 0D-
OMHHs and 19 1D-OMHHs. In summary, GGA-predicted
band gaps not only show reasonable MAE values but also tend
to offer the best predictions of band gaps for the highest
number of candidates.

3.3. Impact of Spin−Orbital Coupling. Another
important setup for band structure calculations is whether to

Figure 3. Comparison of band gap estimation of (a) 0D- and (b) 1D-
OMHHs from GGA, R2SCAN, and TASK with the experimental
band gap reported in the literature.
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consider the relativistic effect through spin−orbital coupling.
This can be a relevant effect, especially considering that many
OMHHs involve heavy metals such as Pb, Bi, and Sn. The

comparison between band gaps predicted by GGA and GGA
plus spin−orbital coupling (denoted as GGA+SOC) is
presented in Figure 4. The band gap values of GGA and

Table 1. 0D-OMHHs with the GGA Band Gap Being the Closest to Experimental Values

conventional name chemical formula EExp (eV) EGGA (eV) ER2SCAN (eV) ETASK (eV)

(PBA)2ZnCl4 (C H N) ZnCl10 16 2 4 4.5045 4.44 4.67 5.37

(Bmpip)2PbBr4 (C H N) PbBr10 22 2 4 3.1046 3.51 4.06 4.94

(C10H28N4)SnI6·4H2O (C H N )SnI 4H O10 28 4 6 2· 3.1847 3.26 3.51 4.44
(C10H28N4)SnBr6·4H2O (C10H28N4)SnBr6·4H2O 3.3847 3.25 3.16 3.51
(MTP)2SbBr5 (C H P) SbBr19 18 2 5 2.2748 2.51 2.94 3.09

(C H P) ZnBr24 20 2 4
49

(C H P) ZnCl Br24 20 2 2 2
49

(C H P) ZnCl24 20 2 4
49

(BPA)2SnCl6 (C H BrN) SnCl3 9 2 6 2.9750 2.77 3.20 3.73

(C4N2H14Br)4SnBr6 (C N H Br) SnBr4 2 14 4 6 3.0213 3.47 3.77 4.72

(C4N2H14Br)4SnI6 (C N H Br) SnI4 2 14 4 6 2.4813 2.90 3.19 3.87

(1-mPQBr)2MnBr4 (C H N Br) MnBr5 14 2 2 4 2.2151 3.56 4.32 5.74

(DPA)2BiI9 (C H N ) BiI5 16 2 2 9 1.5952 2.00 2.10 2.62

(DPA)3SbCl6 (C H N) SbCl6 16 3 6 3.0753 3.64 3.93 4.68

(C7H8N3)2SbBr5 (C H N ) SbBr7 8 3 2 5 2.7954 2.97 3.26 3.85

(MXD)3Bi2Br12·2H2O (C H N ) Bi Br 2H O8 14 2 3 2 12 2· 2.8655 3.32 3.70 4.39

(MXD)BiI5 (C H N )BiI8 14 2 5 2.1555 2.69 3.06 3.55

(DCDA)3Sb2Cl12 (C H N ) Sb Cl8 20 2 3 2 12 3.5456 3.87 4.17 4.94

(C9NH20)2SbCl5 (C NH ) SbCl9 20 2 5 2.8813 3.33 3.69 4.34

(C9NH20)2SnBr4 (C NH ) SnBr9 20 2 4 2.642 3.53 4.01 4.90

(MA)4InCl7 (CH NH ) InCl3 3 4 7 3.3457 3.96 4.72 5.38

α-Gua3Cu2I5 (CH N )Cu I6 3 2 5 2.8058 2.61 3.12 3.97

Table 2. 1D-OMHHs with the GGA Band Gap Being the Closest to Experimental Values

conventional name chemical formula EExp (eV) EGGA (eV) ER2SCAN (eV) ETASK (eV)

BpbmAPb2I6 C H I N O Pb S22 42 6 2 4 2 4 2.9459 2.77 3.11 3.44

[(Me)2-DABCO]2Ag5Pb2I13 C N H Ag Pb I16 4 36 5 2 13 2.3360 2.70 2.94 3.90

(DTHPE)0.5PbCl3 C H NPbCl2.5 5 3 3.8361 3.85 4.23 4.95
[DMTHP]PbCl3 C H N PbCl6 12 2 3 3.7761 3.69 4.17 4.68

[H2DABCO][Ag2I4 (DABCO)] C H N AgI6 13 2 2 2.8462 2.89 3.18 4.46

[DBN]PbCl3 C H N PbCl7 13 2 3 3.5361 4.13 4.43 5.32
[N-methyldabconium]PbI3 C H N PbI7 15 2 3 2.9263 3.40 3.69 4.67

[(Me)2-DABCO]Ag2PbBr6 C N H Ag PbBr8 2 18 2 6 2.7760 3.07 3.49 4.43

CEPbBr (ClCH CH N(CH ) )PbBr2 2 3 3 3 3.3364 3.77 4.15 5.27

NH3(CH3)6NH3BiI5 (C H N) BiI6 13 2 5 2.0565 2.20 2.31 2.99
R3̅-ADP-SbBr5 C H Br N Sb5 14 5 2 2.4766 2.51 2.71 3.30
R3̅-HP-PbBr3 R C H NOPbBr5 11 3 3.2967 3.75 4.05 5.24
S-2-MPDPbBr3 S C H HPbBr6 13 3 3.5168 3.86 4.19 5.42
S-2-MPDPbI3 S C H HPbI6 13 3 2.5368 3.38 3.67 4.72
S-MBABiI4 S C H BiI N8 11 4 2.2169 2.69 2.88 3.53
TMEDAPb2Br6 C H N Pb Br5 16 2 2 6 3 × 1011 3.33 3.69 4.82
(2cepiH)CdCl3 (C H ClN)CdCl7 15 3 3.3570 4.27 5.11 6.05

(2cepyH)PbI3 (C H Cl N)PbI6 13 2 3 2.7571 3.27 3.51 4.56

(C12H24O6)CsCu2Br3 (C H O )CsCu Br12 24 6 2 3 1.8572 2.19 2.58 2.97

(C4H10NO)2SbCl5 (C H NO) SbCl4 10 2 5 3.2573 3.39 3.61 4.50

TMGPbI3 (C H N )PbI5 13 3 3 3.0774 3.43 3.57 4.73

(hep)PbBr3 (C H N)PbBr7 16 4 3.1075 3.53 3.88 5.04

(C9H14N)SbCl4 (C H N)SbCl9 14 4 3.4776 3.68 4.05 4.80

(Dipa)PbI3 ((CH ) CH) NH PbI3 2 2 2 3 2.6477 3.28 3.59 4.56
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GGA+SOC are shown in Tab. S1&Tab. S2. Both 0D- and 1D-
OMHH predictions are combined in this plot, given that we
did not find any significantly different trends across different
dimensionalities. It can be inferred from Figure 4(a) that the
general performance between GGA and GGA+SOC is similar.
There is no obvious improvement, given that MAEs of GGA
and GGA+SOC are 0.66 and 0.67 eV respectively, when
calculated for all 0D- and 1D-OMHHs. Moreover, another
interesting observation is illustrated in Figure 4(b). It can be
inferred that almost all GGA+SOC predictions yield a smaller
band gap than GGA by itself. However, this systematic shift of

predictions does not necessarily help or hurt the prediction
error as it helps the cases when GGA overestimates the band
gap, but it will make things worse when GGA underestimates
the experimentally measured optical gaps. To illustrate such a
“double-edged sword” effect brought by incorporating SOC,
we have demonstrated one case when the underestimation
brought by SOC deviates further away from the experimental
gap (GGA: 3.29 eV, GGA+SOC 2.86 eV, experiment: 3.58 eV)
as shown by the calculations of (C4H14N2)PbCl4 in Figure
4(c), as well as one case when the lowering of the band gap of
(C7H13N2)PbCl3 brought by SOC helps get close to the

Figure 4. (a) Comparison between the GGA-predicted band gap and band gaps predicted by GGA plus spin−orbital coupling (denoted as GGA
+SOC); (b) band gap difference of GGA vs experiment and of GGA+SOC vs experiment; (c) band structure of representative compounds of
(C4H14N2)PbCl4 with better estimation of the band gap by GGA; (d) band structure of representative compounds of (C7H13N2)PbCl3 with better
estimation of the band gap by GGA+SOC. For (c) and (d), the direct gap used to compare with the optical measurement is illustrated by black
arrows.

Figure 5. Kernel density distributions of (a) 0D- and (b) 1D-OMHHs from GGA, GGA+SOC, R2SCAN, and TASK. The fraction of compounds
vs MAE of (c) 0D- and (d) 1D-OMHHs from GGA, GGA+SOC, R2SCAN, and TASK.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.4c05263
J. Phys. Chem. C 2024, 128, 17850−17858

17854

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c05263/suppl_file/jp4c05263_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c05263?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c05263?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c05263?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c05263?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c05263?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c05263?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c05263?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c05263?fig=fig5&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.4c05263?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


experimental values (GGA: 4.13 eV, GGA+SOC 3.56 eV,
experiment: 3.53 eV) (Figure 4(d)).

4. DISCUSSION
4.1. Statistical Trends of Prediction Errors. Based on

the performance analysis of different DFT functionals, we end
up with a very interesting observation that GGA turns out to
be a suitable choice for predicting the band gap in comparison
with GGA+SOC and the two meta-GGA functionals. In the
following contexts, we would like to demonstrate a bit more
interpretation of the behavior of different functionals and
provide more insights into the usage of different functionals for
high-throughput screening of electronic structures of OMHHs.
The distributions and statistical features of the prediction

errors are demonstrated in Figure 5. Particularly, the kernel
density distribution of all four DFT setups for 0D- and 1D-
OMHHs is demonstrated in Figures 5(a),(b) respectively.
Such distributions will further clarify the fact that, in general,
the band gap values predicted by different values follow the
order GGA+SOC ≈ GGA < R2SCAN < TASK, which can be
roughly estimated from the peak position. Moreover, the fact
that the kernel distribution of TASK prediction error centers at
∼1.5 eV indicates that TASK in general tends to overestimate
the experimental band gap by 1.5 eV. On the other hand, the
distribution of the other three DFT setups will center around 0
eV, indicating much less systematic errors. Moreover, another
way of systematically looking at the prediction performance is
to plot the fraction of data for specific MAE values, which are
demonstrated in Figure 5(c),5(d). It can be seen from these
two figures that half of the data sets for both 0D- and 1D-
OMHHs can be accurately predicted with MAE values smaller
than 0.7 eV using GGA, GGA+SOC, or R2SCAN, which will
still be useful for estimating the optical performance as well as
electronic conductivity of such materials. On the other hand,
TASK tends to mispredict the band gap of almost 80% of
candidates with the MAE more than 1 eV. Moreover, even
though R2SCAN shows a slightly lower MAE for predicting
the experimental band gaps, the difference is marginal, as
shown in Figure 5(c),5(d), particularly in the case of
predicting 0D-OMHHs.

4.2. Strategy of Choosing DFT Setups for Predicting
the Band Gap. It seems that there is no perfect way to predict
the band gap of OMHHs. However, it is also obvious that it is
not necessary to go to the meta-GGA level of theory to
improve the accuracy of band gap prediction for matching
experimental measurements. Particularly, the computational
cost for calculating band gaps using GGA+SOC, R2SCAN, and
TASK is demonstrated in Figure 6. All three methods are
shown in Figure 6 to cost in general four times more

computing resources than GGA. Given the fact that they did
not provide an obvious improvement of band gap prediction
accuracy, it is fair to suggest that GGA should be sufficient for
performing high-throughput screening of OMHHs for
obtaining a reasonable estimation of band structures. After
the high-throughput screening, a short list of candidates can
then be collected for more accurate estimation using more
advanced methods, such as hyper-GGA level of theory,
random-phase approximation, GW, and Quantum Monte
Carlo.

4.3. Physical Interpretation. In addition to prediction
accuracy, another important aspect to be considered is why
GGA does not show worse performance than other higher-
level methods, e.g., GGA+SOC, R2SCAN, and TASK. This is
counterintuitive and against the common understanding that
semilocal theory such as GGA is generally regarded to
underestimate the fundamental band gap.24 A reasonable
hypothesis to understand such behavior is that most of our
examined material systems have a strong excitonic effect, which
makes the DFT-predicted fundamental band gap larger than
the optical band gap measured experimentally from physics. In
this case, TASK may demonstrate the correct physics by
overestimating the optical band gap, as the DFT results only
indicate the value of the fundamental band gap. To provide
more evidence of the trend that higher-level DFT theory may
still overestimate the band gap, HSE06 calculations for three
0D-OMHH and one 1D-OMHH compounds are presented in
Figures S1−S4. It can be seen that HSE06 band gaps are in
general the largest or close to the TASK band gap, which is
consistent with the argument that TASK is a meta-GGA
functional that produces the closest match to hybrid
functionals.22 Moreover, HSE06 also shows bigger errors
with experimental band gaps compared to GGA and R2SCAN,
which further supports the possibility that the experimental
optical band gap may involve a pronounced excitonic effect
that intrinsically differs from the Kohn−Sham gap calculated
through DFT. However, a comprehensive combination of
experimental measurement and higher-level DFT calculations
on the excitonic effect will be needed to provide the answer to
this puzzle.
It is commonly believed that Kohn−Sham gaps from the

GGA functional can be lower than the fundamental gaps,
which is defined as the energy difference between ionization
energy and electron affinity (I-A).78,79 Therefore, the GGA
functional will also tend to underestimate the experimentally
measured optical band gap. Under such situations, higher-level
functionals, such as hybrid functionals, tend to offer a closer
match to the experimental band gap. However, for the OMHH
systems studied in this work, the GGA functional does not
show a systematic underestimation of the experimental band
gap. On the other hand, meta-GGA, such as TASK, as well as
the HSE06 calculations presented in Figures S1−S4,
consistently provide a higher band gap than the experimental
value. Therefore, the challenge of predicting the optical band
gap of OMHH can be fundamentally different from the typical
inorganic solids.78,79 Regardless of the real reason for the
discrepancy in band gap prediction from various functionals,
our results demonstrate that the optical band gap can be
efficiently captured by the GGA level of theory, even if it could
be due to a wrong reason. It underscores the effectiveness of
using GGA calculations for prescreening good OMHH
materials for optoelectronic, electronic, or quantum informa-

Figure 6. Computational cost for calculating band gaps using GGA
+SOC, R2SCAN, and TASK compared to GGA.
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tion applications, which is a very useful discovery for high-
throughput materials screening.

5. CONCLUSIONS
In summary, we have presented a systematic evaluation of
different DFT functionals, such as GGA, R2SCAN, and TASK,
as well as the inclusion of spin−orbital coupling in terms of
band gap prediction for 0D- and 1D-OMHHs. The
experimental band gaps of 56 0D- and 54 1D-OMHHs are
extracted from the literature to serve as the “ground truth” of
different DFT functional prediction. Unexpectedly, the
accuracy of GGA calculation for OMHHs is comparable to
that of R2SCAN or even better than that of TASK. Given that
GGA offers a reasonable MAE for predicting all band gaps
(e.g., ∼0.65 eV), it can be used as a more practical method for
accurate screening of the electronic properties of OMHH
systems.
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(29) Śmiga, S.; Constantin, L. A. Unveiling the physics behind
hybrid functionals. J. Phys. Chem. A 2020, 124 (27), 5606−5614.
(30) Arbuznikov, A. V. Hybrid exchange correlation functionals and
potentials: Concept elaboration. J. Struct. Chem. 2007, 48, S1−S31.
(31) Paier, J.; Janesko, B. G.; Henderson, T. M.; Scuseria, G. E.;
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