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The optoelectronic properties of group IV nanoparticles

Eimear Madden, Martijn A. Zwijnenburg*

Department of Chemistry, University College London, 20 Gordon Street, 

London WC1H 0AJ, UK.

* email: m.zwijnenburg@ucl.ac.uk

We use time-dependent density functional theory and many-body perturbation theory to 

compare and contrast the electronic and optical properties of hydrogen capped carbon, silicon 

and germanium group IV nanoparticles. Hydrogen capped silicon nanoparticles are model 

systems for quantum confinement and hence it is an interesting question if carbon and 

germanium nanoparticles similarly behave as archetypes of quantum confinement. We find that 

for several properties, such as the trends in the fundamental and optical gaps with particle size, 

all group IV systems behave similarly. However, there are also other properties, such as the 

variation of the electron affinity with particle size and the electronic character of the low-energy 

excitons and frontier quasiparticle states, for which the carbon particles behave fundamentally 

different from their silicon and germanium counterparts and deviates from the idealised cartoon 

picture of quantum confinement. We speculate that the fact that hydrogen is more 

electropositive than carbon, and more electronegative than silicon and germanium, combined 

with the large gap of the carbon nanoparticles, pushes the unoccupied C-H -bonds into the 

gap, which then pins the lowest unoccupied quasiparticle state and exited electron component 

of the excitons on the surface. 

Introduction

Nanoparticles with the diamond structure and capped with hydrogen atoms or organic groups 

have been synthesized for carbon,1,2 silicon,3 and germanium,4,5 and in the case of carbon, 

diamondoid, nanoparticles even form naturally under geological conditions and as a result have 

been isolated from crude oil.6 These group IV diamond nanoparticles find application in 

bioimaging and sensing and have been proposed as suitable materials for light emitting diodes, 

lasers, low-k dielectrics, photocathodes, solar-cells and data storage.5,7,8

Silicon nanoparticles are model systems for quantum confinement. Their lowest optical 

excited states (excitons) and highest occupied and lowest unoccupied quasiparticle states 

(states corresponding to the removal or addition of an electron) are predicted to be delocalised 
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over the particles’ volume.9 Their fundamental gap, optical gap and exciton binding energy 

values (see Fig. 1  for definitions) are predicted to blue shift with decreasing particle size,9–17 

as does the experimentally measured photoluminescence signal.18,19 As such, it is interesting 

to understand how changing the composition of the particles changes this picture. Do carbon 

and germanium nanoparticles similarly behave as archetypes of quantum confinement?

Ab-initio calculations are ideal for answering such questions about the electronic and 

optical properties of nanomaterials as they allow for a like-for-like comparison between well-

defined isostructural particles, as well as allow one to access information about the 

(de)localisation of relevant states, which is difficult to access experimentally. There is an 

extensive literature on predictions of the electronic and optical properties of silicon 

nanoparticles,9,14,20–33 a smaller number of papers with predictions for carbon or germanium 

nanoparticles with the diamond structure,2,5,6 and even fewer that consider in the same study 

nanoparticles of two or three of the group IV elements.32,34–36 Very few of these papers report 

the (de)localisation of the excitons and quasiparticle states. Similarly, very few papers report 

the fundamental gap, optical gap and exciton binding energy values, often only reporting one 

or two out of three. Many papers also approximate the fundamental gap by the Kohn-Sham 

gap, the gap between the highest occupied and lowest unoccupied orbitals from a ground state 

from a ground state density functional theory (DFT) calculation, which proves to be a severe 

approximation.  

Fig. 1 Schematic representation of the quasiparticle and optical energy levels, defining the 

ionisation potential (IP), electron affinity (EA), fundamental gap (Δf), optical gap (Δo), and 
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exciton binding energy (EBE), which is the difference between Δf and Δo. In this diagram, (a) 

denotes the highest occupied quasiparticle state, (b) the lowest unoccupied quasiparticle state, 

S₀ the electronic ground state, and S₁ the first singlet excited state.

Here we use time-dependent DFT (TD-DFT) and many-body perturbation theory in the 

form of the combination of the GW method and solving the Bethe-Salpeter equation to predict 

and compare the electronic and optical properties of the hydrogen terminated group IV 

nanoparticles with the diamond structure shown in Fig. 2. Many-body perturbation theory 

allows us to make accurate and importantly consistent predictions of the fundamental gap, 

optical gap and exciton binding energy values of group IV nanoparticles while TD-DFT will 

allow us to extend our study to larger particles than could be studied with many-body 

perturbation theory. We will demonstrate that all systems considered are similar, in that the 

fundamental gap, optical gap and exciton binding energy increase with decreasing particle size, 

but that in other properties the carbon nanoparticles behave rather different than their silicon 

and germanium counterparts and appear less of an archetype of quantum confinement than 

their heavier group IV equivalents. 

Fig. 2 DFT optimised (Td symmetry, B3LYP and def2-SVP basis set) structures of the group IV 
nanoparticles studied here with their respective radii length, defined via equation 5 below. 
From left to right: T10H16, T35H36, T84H64, and T165H100, respectively, where T = C, Si or Ge.   

Methodology
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Initial geometries for hydrogenated nanoparticles of silicon, carbon, and germanium were 

generated by making octahedral cuts from their respective bulk crystalline structures, as taken 

from the Materials Project,37 using the nanocut code,38 and saturating the dangling bonds on 

the surface with hydrogen atoms. The resulting geometries were then optimised using density 

functional theory (DFT) calculations employing the B3LYP hybrid functional,39–41 augmented 

with Grimme’s D3 dispersion correction,42 with Becke–Johnson damping and the def2-SVP or 

def2-TZVP basis sets.43 The geometries of the particles were initially optimised in their highest 

possible point-group (Td), and then reoptimised in the D2 subgroup, as well as in the absence 

of any imposed symmetry (C1). The reason for the latter is that the algorithms for some of the 

subsequent calculations are not implemented for non-Abelian groups or cannot exploit 

symmetry at all. The differences between structures optimised in Td, D2 and C1 were found to 

be minimal. Harmonic frequency calculations, performed where tractable, confirmed that the 

optimised structures indeed correspond to minima, displaying no imaginary frequencies.

Quasiparticle (QP) energies—including the energies of the highest occupied and lowest 

unoccupied quasiparticle states, the ionisation potentials, and electron affinities—were 

subsequently obtained from eigenvalue self-consistent GW (evGW) calculations and for the 

smallest particles also with quasiparticle self-consistent GW (qsGW) calculations.44 All GW 

calculations used the optimised B3LYP orbitals as input and the same basis sets as used in the 

DFT calculations. The results of the GW calculations were also used as input for solving the 

Bethe–Salpeter equation (BSE) to predict vertical excitation energies, oscillator strengths, 

optical gaps, and static polarisabilities.45 It is noted that evGW reduces and qsGW effectively 

eliminates the dependency of the GW and BSE results on the functional used in the underlying 

DFT calculations relative to single-shot G0W0 calculations by iterating the GW eigenvalues to 

self-consistency. Notably, in finite systems, results from evGW-BSE calculations, show good 

agreement with coupled-cluster benchmarks, outperforming G0W0-BSE for singlet 

excitations.46  Alternatively, Time-dependent DFT (TDDFT) calculations with the Tamm–

Dancoff approximation were performed on each optimised nanoparticle using B3LYP and the 

same basis sets as for the ground state to predict vertical excitation energies, oscillator strengths 

and optical gaps values.47

All DFT, GW, and BSE calculations used version 7.5 of the Turbomole code, in 

combination with a tight integration grid (m5), stringent SCF convergence (denconv set to 1 × 

10-7), and the RI-J approximation.48–50 For the GW and BSE calculations additionally, the RI-

K approximation was applied. Finally, the GW calculations used the RIGW algorithm in which 

only the frontier QP states are explicitly calculated using GW and the remainder of the DFT 
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eigenvalues just rigidly shifted accordingly. This approach scales as N4 rather than N6 allowing 

significantly larger nanoparticles to be tackled than otherwise would be possible. Because 

Turbomole restricts the use of non-Abelian point groups for GW and BSE, we performed these 

calculations in either D2 or C1.

Oscillator strength values are reported throughout in the velocity gauge. 

Characterisation of excited states was undertaken in terms of the leading natural transition 

orbitals (NTOs) for different excited state,51 while the TheoDORE code was used to extract the 

exciton size.52 As TheoDORE cannot handle symmetry the latter was done for results of C1 

calculations. 

The effective static dielectric constants of the nanoparticles were approximated from 

the static polarizabilities computed in evGW-BSE. Polarizability volumes (′) were derived 

from raw polarisabilities () using the equation:

’ =  (1)

Next the molecular volumes Vm of the particles were calculated using the Molovol code and 

converted to the radius of an equivalent sphere requiv using:

requiv = (((3/(4p))Vm)1/3 (2)

And finally, the requiv values were used to approximate the static dielectric constant er values 

using:

er = (requiv
3 + 2’)/(requiv

3 - ’) (3)

The requiv values obtained from the molecular volume were used instead of a radius based on 

exclusively the nuclear positions, as the former takes into account the finite size of the atoms.

To examine the band-like character of the orbitals and NTOs, an in-house Python script, 

Fouri-yay,53 performed discrete Fourier transforms of the corresponding cube files. The Fourier 

transform was plotted as a function of kx and ky defined as:

Kx/y = 2 x/y (4)

With the information along the z-direction projected on the xy plane by summing up the 

contributions along the z-axis for each xy value. 

In all property-versus-size plots, we denote the nanoparticles’ core radius R based on 

the average octahedral edge length, L, so that:

R=(1/2)20.5L (5)
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Results

Fundamental gap

Fig. 3 shows the four highest occupied and four lowest unoccupied Kohn–Sham (DFT) and 

quasiparticle states (evGW) for each nanoparticle (carbon, silicon, and germanium), alongside 

their Kohn-Sham and fundamental gap values, respectively. The same data is also tabulated in 

tables S1 and S10 in the supplementary information. We observe that for each family of 

particles, the fundamental gap increases systematically as the nanoparticle size decreases. This 

is in line with what is expected from analytical models of quantum-confinement and previous 

computational and experimental work on silicon and germanium nanoparticles.9,12–14,17,54 We 

also observe that the fundamental gap of the carbon nanoparticles is always significantly larger 

than their silicon and germanium counterparts, which agrees with the bulk band gap of diamond 

carbon also being considerably larger than that of bulk silicon and germanium.55–57 

Fig. 3 Quasiparticle energy spectrum for each group IV nanoparticle, showing the four highest 

occupied and four lowest unoccupied Kohn-Sham orbitals/quasiparticle states, as calculated 

by DFT and evGW (evGW not tractable for Ge165H100). For each particle the evGW 

fundamental gap values are also shown with the DFT Kohn–Sham gaps given in between 

parentheses. All values calculated using/starting from B3LYP in combination with the def2-

SVP basis set in the D2 point group. The figure is divided by colour based on size of the core 

of the nanoparticle to aid comparison where blue represents T10H16, yellow T35H36, green 

T84H64, and red T165H100.

In terms of the quasiparticle/Kohn-Sham state positions, the carbon nanoparticles have 

clearly less negative, more shallow lowest unoccupied quasiparticle states than their silicon 

and germanium counterparts, and thus less negative — more positive — electron affinity 

Page 6 of 24Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 2

/2
5/

20
26

 1
:4

3:
49

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5CP03420E

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp03420e


7

values. While for each family of particles the electron affinity becomes more negative with 

increasing particle size, the difference in the electron affinity values between the carbon and 

the silicon and germanium nanoparticles actually increases with increasing particle size. In 

contrast, the differences between the positions of the highest occupied quasiparticle states for 

particles with the same size, and thus their ionisation potentials, is much smaller and the 

difference in ionisation potential values between the carbon and the silicon and germanium 

nanoparticles decreases with increasing particle size. The counterintuitive behaviour in terms 

of the differences between the electron affinity of the carbon and the silicon/germanium 

particles stems from the fact that the electron affinities of the carbon particles barely change 

with particle size, especially when compared to the change in the electron affinities of the 

silicon and germanium particles. The predicted minor change in electron affinity values of the 

carbon particles with particle size agrees with the fact that the experimental preedge of the 

carbon K-edge absorption spectrum of diamondoid particles does not appreciably shift with 

particle size.58

DFT and evGW paint a very similar physical picture. The biggest difference is that the 

DFT Kohn-Sham gap is considerably smaller than the evGW fundamental gap which is related 

to that the fact that the DFT lowest unoccupied molecular orbitals are deeper than their evGW 

counterparts and the DFT highest occupied molecular orbitals shallower. The underestimation 

of the fundamental gap when approximating it by the Kohn-Sham gap is well known and is 

related to the potential experienced by the occupied and unoccupied orbitals. While when using 

a hybrid functional the occupied and unoccupied orbitals experience a different potential, and 

not the unphysically same potential as in the case when using a (semi)local functional, it still 

isn’t the correct potential of n-1 electrons for the unoccupied orbitals. The evGW and qsGW 

(tables S9 and S16) predicted values agree well. Finally, the ionisation potential values 

predicted for C10H16 by evGW and qsGW agree well with the of the first maximum in its 

experimental gas phase photoelectron spectrum reported by Lenzke and co-workers.59

Optical gap

Fig. 4 shows the predicted optical gaps for C, Si, and Ge nanoparticles as a function of the 

particle size, as calculated by TDDFT and evGW-BSE. The same data is also tabulated in tables 

S4 and S12 in the supplementary information. An optical gap-size dependence is observed for 

all three materials, with optical gaps decreasing as the nanoparticle core grows, an outcome 

expected from analytical models of quantum confinement. Notably, the carbon particles exhibit 

consistently larger gaps than silicon and germanium for the same nominal “core,” consistent 
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with its larger bulk band gap and with the fact that, as noted above, the carbon particles have 

consistently larger fundamental gap values than their silicon and germanium counterparts. The 

TD-DFT and evGW-BSE predicted optical gap values are very similar, except in the case of 

the carbon particles where the TD-DFT predicted gap is approximately one eV smaller than 

their evGW-BSE counterparts. The evGW-BSE and qsGW-BSE (tables S9 and S16) predicted 

optical gap values are also very similar. Finally, the effect of basis-set size, see tables S6, S8 

and S14, S15 and Figures S2-S5 in the supporting information, is considerably larger for the 

carbon particles compared to their silicon and germanium counterparts in both the TD-DFT 

and evGW-BSE calculations. This is similar to what was previous observed in the case of just 

TD-DFT by Foerster and Besley32 (and in the case of just carbon nanoparticles by Vörös and 

Gali32,60 prior to that).

Fig. 4 Plot of optical gap versus particle radius for the different group IV nanoparticles, where 

carbon is represented by green triangles, silicon is represented by blue hexagons and 

germanium is represented by yellow circles, calculated using TDDFT (left panel) and evGW-

BSE (right panel). All calculations use/start from the B3LYP functional and use the def2-SVP 

basis-set and the D2 point group. Open symbols calculated using the lowest bright excited state. 

Figs. S2-S3 in the supplementary information show the same plots for different basis-set sizes.
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The optical gap values for the silicon and germanium particles predicted by TD-DFT 

here are smaller than those predicted using TD-DFT by Foerster and Besley.32 This is in line 

with the fact that they employed the range-separated CAM-B3LYP functional, use of which is 

known to shift spectra into the blue. However, interestingly, the difference in the case of the 

carbon particles appears negligible, possibly because of spurious error cancelation linked to the 

larger effect of basis-set size for the carbon particles. 

The lowest excited state of Si10H16 and Ge10H16 are non-bright and correspond to a 

symmetry forbidden a2 or t1 excitation in the Td point group, respectively, with the lowest bright 

t2 excitation lying 0.25-0.5 eV higher in energy. In contrast, the lowest excitation for C10H16 is 

bright and has t2 symmetry. The lowest excited state for all other larger particles is bright or 

part of a quasi-degenerate pair of a bright and non-bright state. The lowest excited state for 

Ge35H36 is predicted to be non-bright when using evGW-BSE but bright when using TD-DFT 

or qsGW-BSE.

The evolution of the optical gap of particles with particle size can be fitted to the 

following equation:

o = a + b/rn (6)

where a, b and n are constants. We set a to the experimental band gap, assuming negligible 

bulk exciton binding energy values, and fit b and n to the evGW-BSE and TD-DFT predictions. 

The fitted b and n values can be found in Table 1. As discussed in our previous work on silicon 

nanoparticles, based on simple analytical models of quantum confinement one would expect 

that n would change with particle size but lie in between 1 and 2. In line what we previously 

observed for silicon nanoparticles, the fitted n values are considerably smaller than expected 

from such analytical models lying below one in all cases, except for the fit to the TD-DFT data 

for carbon nanoparticles. Another observation is that n generally appears to decrease and b to 

increase when going from carbon to germanium via silicon. This would suggest that when 

going larger than the particles explicitly studied here the optical gap of the carbon particles will 

converge much quicker to the bulk value with particle size than their silicon and especially 

their germanium counterparts. This is in line with the fact that the bulk Bohr exciton radius in 

carbon (1.5 nm),61 is smaller than that of silicon (4.3) and especially germanium (24.3). 62

Table 1 Fitting parameters for fits of equation 6 to the TDDFT and evGW-BSE predicted 

optical gap values of different group IV nanoparticles, where a = 5.47, 1.1 and 0.8 eV for 

carbon, silicon and germanium respectively. 
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Method Material b n
C 4.52 1.16
Ge 8.59 0.52

TDDFT

Si 8.20 0.55
C 4.90 0.64

Ge* 7.61 0.40
evGW-BSE

Si 9.26 0.58
* Fit using 3 data points only.

Exciton binding energy

 

Fig. 5 Plot of the exciton binding energies versus particle radius for the lowest-lying excitation 

of the group IV nanoparticles, where carbon is represented by green triangles, silicon is 

represented by blue hexagons and germanium is represented by yellow circles, calculated 

using TDDFT (left panel) and evGW-BSE (right panel), at the def2-SVP, B3LYP level of theory 

under D2 symmetry constraints. Open symbols calculated using the lowest bright excited state.

Fig. 5 plots the exciton binding energies for the different particles versus the particle size as 

calculated from the (TD-)DFT (left panel) and evGW-BSE (right panel) predicted fundamental 

and optical values. From Fig. 5, it is clear that for all systems studied, the excitations 

corresponding to the optical gap, as well as other low-energy excitations are clearly excitonic 

in character. It is also interesting to note that while when the fundamental gap (Fig. S1) and 

optical gap (Fig. 3) are plotted against particle size, the carbon data is shifted upwards relative 

to their silicon and germanium counterparts but the exciton binding energy data for all group 
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IV particles, when plotted versus particle size, lies more or less on a single straight line. The 

exciton binding energies calculated from the (TD-)DFT data are significantly smaller than 

those obtained from the evGW-BSE data, in line with the differences between the (TD-)DFT 

and evGW(-BSE) fundamental and optical gap values discussed above.

Dielectric Constant

We previously demonstrated for silicon particles that these particles have a smaller static 

dielectric constant than bulk silicon and that the dielectric constant of the particles reduces with 

particle size. As a result, the dielectric screening of the particles reduces with decreasing 

particle size, explaining why the exciton binding energy increases with decreasing particle size. 

Here we predict the dielectric constant of the T35H36 particles and find that the static dielectric 

constant of the particles increases in the order C35H36 (3.26) < Si35H36 (5.27) < Ge35H36 (5.90). 

The fact that the exciton binding energy of the group IV particles with the same number of 

atoms decreases when going from carbon to germanium is thus likely the results of the 

increasing dielectric constant down the series and hence the more efficient dielectric screening. 

The predicted dielectric constant for C35H36 is in line with the experimental values measured 

for bulk powders of adamantane (C10H16), diamantane (C14H20), triamantane (C18H24) and 

[121]tetramantane (C22H28), which are reported to have static dielectric constant values of 2.46-

2.68 compared to 5.8 for bulk diamond carbon.8 The predicted Si35H36 dielectric constant value 

and the fact that it smaller than that for bulk silicon is, as discussed in our previous work, 

consistent with previous more empirical calculations of the static dielectric constant of silicon 

nanoparticles.63,64 

The order of the static dielectric constants of the particles is the same order as the bulk 

dielectric constant of carbon (diamond), silicon and germanium, respectively.65–68 However, 

the ratio of the T35H36 and bulk dielectric constants decreases when going from carbon to 

germanium, i.e. the static dielectric constant of C35H36 is closer to that of bulk diamond carbon 

than that of Ge35H36 is to bulk germanium. 

Real space delocalisation of the lowest excitons

Figs. 6 and 7 show the hole and excited electron components of the dominant natural transition 

orbitals for the different T10H16 and T84H64 particles, respectively (the latter being the largest 

particle size for which we can perform evGW-BSE calculations for all compositions). As can 

be seen, for the silicon and germanium particles the natural transition orbitals are delocalised 
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over the volume of the particle. The picture for the carbon particles is, however, slightly 

different. While the hole component of the natural transition orbital for the carbon particles is 

delocalised over the volume of the particles, the excited electron component appears largely 

delocalised over just the surface of the particles. The same can also be observed for the highest 

occupied and lowest unoccupied orbitals in the supporting information (Figs. S6-S8), which 

serve as proxies for the highest occupied and lowest unoccupied quasiparticle states. The role 

of the surfaces becomes even more apparent when plotting the contribution of the group IV 

core and capping hydrogen atoms to the hole and excited electron component of the lowest 

energy exciton for T35H36 particles, calculated using TheoDORE in Fig. 8. This shows that the 

contribution of the hydrogen capping atoms to the excited electron component is much larger 

than the carbon core, something that is in stark contrast to the silicon and germanium particles 

where the core is always the dominant contribution. For calculations using basis-sets with extra 

diffuse functions (def2-XVPD instead of def2-XVP) TheoDORE predicts larger contributions 

of the carbon core and a smaller contribution of the hydrogen atoms, even if still larger than 

that for the silicon and germanium particles. This is likely an artefact of the Löwdin charge-

partition scheme used in TheoDORE, similar to the issues observed when calculating ground 

state Löwdin charges with basis-sets with diffuse functions.69 The different character of states 

for the carbon particles was previously observed in the literature in terms of the particle’s 

lowest unoccupied orbital.70–72 There this orbital was described as either a surface state,71,72 or 

a Rydberg state.70 We would argue that the lowest unoccupied quasiparticle state and the 

excited electron component of the lowest excited state of the carbon particles have actually 

characteristics of both a surface state (the large contribution of the surface hydrogen atoms not 

observed for the other group IV particles) and a Rydberg state (the large effect of basis-set size 

noted above, again not observed for the other group IV particles).
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Fig. 6 Leading natural transition orbitals (NTOs) for the lowest-lying excitation of the T10H16 

family where T = C (left), Si (centre), Ge (right), calculated using evGW-BSE, B3LYP and the 

def2-SVP basis set in the D2 point group. Top panels display hole orbitals, and bottom panels 

show particle (excited electron) orbitals, with red and blue indicating the phases of the NTOs.

Fig. 7 Leading natural transition orbitals (NTOs) for the lowest-lying excitation of the T84H64  

family where T = C (left), Si (centre), Ge (right), calculated using evGW-BSE, B3LYP and the 

def2-SVP basis set for the D2 point group. Top panels display hole orbitals, and bottom panels 

show particle (excited electron) orbitals, with red and blue indicating the phases of the NTOs.
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Fig. 8 Contribution of the group IV core and hydrogen capping atoms to the hole and excited 

electron component of the lowest exciton for T35H36. Results obtained from a TheoDORE 

analysis of the lowest excited states in evGW-BSE calculations on top of DFT calculations with 

the B3LYP functional and def2-SVP basis set. 

The delocalisation, over the particle volume and/or surface, is also apparent from Fig. 

9 which plots the exciton size, defined as the root-mean-square separation between the 

instantaneous electron and hole position, as calculated using the TheoDORE code, versus the 

particle size and shows that for all particles the exciton size increases linearly with the particle 

size. Moreover, just as for the exciton binding energy, data for all systems lie on approximately 

the same line. 

Fig. 9 Plot of the exciton size versus particle radius for the four smallest group IV 

nanoparticles, where carbon is represented by green triangles, silicon is represented by blue 

hexagons and germanium is represented by yellow circles, calculated using TDDFT (left panel) 

and evGW-BSE (right panel), using the B3LYP functional and def2-SVP basis-set in the C1 

point group.

Delocalisation in reciprocal space

Finally, we studied the delocalisation of the frontier orbitals and thus the corresponding 

quasiparticle states by taking their Fourier transform. Figs. 10 and 11 show, respectively, the 
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Fourier transforms for the T10H16 and T165H100 particles. In line with what we previously 

observed for silicon nanoparticles, for all compositions studied the Fourier transform of the 

orbitals becomes sharper, less diffuse when increasing the size of the particles. Interestingly, 

where for the silicon and germanium particles the pattern of the maxima in the Fourier 

transform for the highest occupied and lowest unoccupied orbital is different, in line with the 

fact that the bulk materials have an indirect band gap, the pattern for the carbon particles is the 

same with the maxima occurring at the same k values for the highest occupied and lowest 

unoccupied orbitals. While one should be careful with labelling gaps as direct or indirect for 

nanostructured systems as the wavevector k isn’t a proper quantum number in the absence of 

periodic boundary conditions, it is suggestive of the fact that the gap for the carbon 

nanoparticles has a different reciprocal space character than bulk diamond carbon and their 

silicon and germanium counterparts. This might be related to the different real space 

delocalisation of the excited-electron component of the exciton for carbon nanoparticles 

discussed above. It also fits with previous DFT calculations for bulk adamantane, C10H16, and 

related diamondoids, which predicted a direct gap for these materials.73 

Fig. 10 Fourier transform of the highest occupied molecular orbital (top) and lowest 

unoccupied molecular orbital (bottom) of C10H16 (left), Si10H16 (centre) and Ge10H16 (right). 

Orbitals calculated using the B3LYP functional and the def2-SVP basis-set for the D2 point 

group.

Page 15 of 24 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 2

/2
5/

20
26

 1
:4

3:
49

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5CP03420E

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp03420e


16

Fig. 11 Fourier transform of the highest occupied molecular orbital (top) and lowest 

unoccupied molecular orbital (bottom) of C165H100 (left), Si165H100 (centre) and Ge165H100 

(right). Orbitals calculated using the B3LYP functional and the def2-SVP basis-set for the D2 

point group.

Intensities

While we do not report the predicted spectra of the particles here, if not only because previous 

work suggests that vibronic effects are important for the spectra of diamondoid carbon 

nanoparticles,74 it is interesting to note that the ‘direct’ fundamental gap of the carbon 

nanoparticles does not translate into vertical excitations with a higher predicted oscillator 

strength than for the silicon and germanium particles. As can be seen from Tables S5 and S12 

in the supporting information, for all group IV nanoparticles the predicted oscillator strength 

of the lowest energy bright excitations decreases with particle size but the values for the carbon 

nanoparticles are lower than their germanium (and silicon) counterparts.

Discussion

Based on the results discussed in detail above, in some aspects carbon, silicon and germanium 

particles behave similarly, while in other aspects, carbon nanoparticles behave rather 

differently to their silicon and germanium counterparts. Specifically, for all the group IV 

particles studied here the fundamental gap, optical gap and exciton binding energy values 
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increase with decreasing particle size, and in real space the electron and hole component of the 

excitons are similarly delocalised in real space over the particle volumes. Carbon nanoparticles 

are different, for example, in the fact that the electron affinity of the carbon nanoparticles does 

not significantly change with particle size, the contribution of the surface hydrogen atoms to 

the electron component of the exciton and the lowest unoccupied quasiparticle state, and the 

fact that the fundamental gap of the carbon nanoparticles appears ‘direct’ instead of ‘indirect’ 

for their silicon and germanium counterparts. From a technical perspective, a key difference is 

also that there’s a bigger disparity between the optical gap values of the carbon nanoparticles 

predicted using TD-DFT and those using evGW-BSE, especially compared to the silicon and 

germanium nanoparticles for which the predictions of TD-DFT and evGW-BSE are very close.

Inevitably, part of the differences between the carbon and silicon/germanium particles 

are the result of differences in the ‘bulk’ properties of carbon, silicon and germanium. The 

main examples of these would be the increased orbital overlap in carbon materials, itself linked 

to the shorter length of C-C bonds compared to their Si-Si and Ge-Ge counterparts, and the 

smaller bulk static dielectric constant of diamond carbon relative to its silicon/germanium 

counterparts, again linked to the shorter C-C bonds.75,76 There is also, as noted above, the fact 

that the bulk Bohr exciton radius in diamond carbon is much smaller than that in silicon or 

germanium, although that is most likely a direct effect of the smaller static dielectric constant. 

However, it is unlikely that increased orbital overlap and/or reduced dielectric screening 

(alone) can explain differences such as the contribution of the surface atoms to the lowest 

unoccupied quasiparticle state and excited electron component of the lowest exciton, as well 

as the fact that the electron affinity of the carbon nanoparticles does not significantly change 

with particle size. As discussed above, these phenomena have been linked in the literature to 

the relevant states being surface or Rydberg states for carbon particles. However, this in itself 

is not an explanation, as it instead raises the question of why these states are surface and/or 

Rydberg states for the carbon nanoparticles and not for their silicon and germanium 

counterparts. Replacing one question with another. We suspect that all these differences 

including the fact that the lowest unoccupied quasiparticle states and the excited electron 

component of the lowest exciton state have characteristics of surface and Rydberg states is 

related to the fact that hydrogen is more electropositive than carbon and more electronegative 

than silicon and germanium. This combined with the large gap of carbon pushes the unoccupied 

C-H -bonds into the gap, see the qualitative different character of the occupied frontier 
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orbitals and thus the highest occupied quasiparticle states of the carbon and silicon/germanium 

particles respectively in Fig. S6-8, and results in them primarily having hydrogen character. 

The large contribution of the surface hydrogen atoms to the excited electron component 

of the lowest energy excitons in the carbon nanoparticles is probably the reason that even if the 

fundamental gap appears direct, this in contrast to their silicon and germanium counterparts, 

the vertical excitation in these particles do not have higher oscillator strength (intensity) values. 

The delocalisation of the hole and excited electron over different parts of the particles, the 

particle’s volume and surface, respectively, probably reduces the real space overlap between 

both components, relative to their silicon and germanium counterparts where both components 

are delocalised over the particles’ volume, and reduces the oscillator strength values. 

Finally, in response to the question raised in the introduction, while germanium 

nanoparticles appear similar archetypes of quantum confinement as silicon nanoparticles, 

carbon nanoparticles clearly deviate from the idealised cartoon picture of quantum 

confinement, as illustrated by the differences discussed above.

Conclusions

We compared the optical and electronic properties of different hydrogen terminated 

group IV nanoparticles. We find that for all sets of particles the fundamental gap, optical gap 

and exciton binding energy increase with decreasing particle size, as expected from simple 

analytical models of quantum confinement, even if the exact scaling is slightly different from 

that predicted by such models. Beyond these obvious similarities we find there also to be clear 

differences between the carbon nanoparticles and their silicon and germanium counterparts. 

The electron affinity of the carbon nanoparticles does not significantly change with particle 

size while it does for the other group IV particles. The lowest unoccupied quasiparticle state 

and the excited electron component of the exciton in carbon nanoparticles are delocalised over 

the surface rather than the volume of the particles as they are for the silicon and germanium 

particles, and each displays characteristics of both surface and Rydberg states. Finally, the 

fundamental gap of the carbon nanoparticles appears ‘direct’ instead of ‘indirect’ for their 

silicon and germanium counterparts. We propose that these differences primarily stem from 

the fact that hydrogen is more electropositive than carbon, and more electronegative than 

silicon and germanium, which combined with the large gap of the carbon nanoparticles pushes 

the unoccupied C-H -bonds into the gap and results in them having primarily hydrogen 

character. The combination of which then result in the (partial) pinning of the lowest 
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unoccupied quasiparticle state and the excited electron component of the exciton in the carbon 

nanoparticles by the hydrogen atoms. While germanium nanoparticles appear similar 

archetypes of quantum confinement as silicon nanoparticles, carbon nanoparticles thus clearly 

deviate from the idealised cartoon picture of quantum confinement. 
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The data supporting this article have been included as part of the Supplementary 
Information. 
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