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A hybrid density functional theory investigation of silicon and germanium 
at the (100) diamond surface: routes to stable negative electron affinity for 
electron-emission applications
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A B S T R A C T

Termination of the diamond (100) surface with silicon and germanium is modelled using hybrid density func
tional theory (DFT) for coverages up to 1 monolayer (ML). Adsorption energies and electron affinities were 
calculated using the B3LYP exchange–correlation functional. Calculations predict that all configurations except 
one possess a negative electron affinity (NEA). In general, Si adsorption results in slightly higher exothermic 
adsorption energies, but Ge adsorption produces surfaces with larger NEA values. Additionally, we quantify the 
charge transfer from the adsorbates to the diamond surface using both Mulliken and Bader’s “atoms-in-mole
cules” charge partitioning (QTAIM) analyses. We suggest that the suppressed NEA in the case of Si may be the 
result of the more negative atomic basin dipole moments for Si.

1. Introduction

The advent of chemical vapour deposition of diamond [1,2] has now 
established diamond as an exceptional engineering material useful for a 
wide range of technological applications [3]. The adsorption of species 
on a diamond surface in order to enhance its electron emission prop
erties has been extensively explored both experimentally and theoreti
cally [4], with applications pertaining to energy generation, 
photodiodes, secondary electron emission, and surface transfer doping, 
etc. [5–9]. One of the most exciting potential applications for this ma
terial is as the electron source in a thermionic energy converter (TEC) 
[10]. In such a device, solar radiation is focused by means of a solar- 
tracking parabolic mirror onto a diamond cathode, heating it to high 
temperatures sufficient to cause electrons to be thermionically emitted 
from its surface. Depending upon the species terminating its surface, 
diamond is one of the rare materials that can exhibit so-called negative 
electron affinity (NEA), which means that no energy barrier needs to be 
overcome for electrons residing in the conduction band to escape into 
vacuum. As a result, the temperatures required for thermionic electron 
emission from diamond (~900 ◦C) are substantially lower than those 
needed for metals such as tungsten (1500–2000 ◦C), making diamond 
thermionic devices more efficient and easier to fabricate than most other 
competing materials

In a TEC, the emitted electrons travel across a vacuum gap and are 
collected by a cooler anode. The difference in work function between the 
anode and cathode creates a potential difference between the electrodes. 
Connecting them together completes the circuit, and permits electrons 
to flow from the anode back to the cathode, driving an electric current 
through a load. Thus, heat is converted directly into electricity within a 
solid-state device that has no moving parts. Solar TECs, such as this, 
could provide an alternative, complementary technology to standard 
photovoltaic solar cells for renewable energy generation.

However, the key to this technology is to develop a diamond surface 
that has both a large NEA (and therefore a low work function) and which 
remains stable at the high temperatures needed for thermionic emission. 
Both natural and lab-grown diamond have surface carbon atoms which 
are terminated with hydrogen, which creates a reasonable NEA of 
around − 1 eV. Unfortunately, H desorbs from the diamond surface at 
only around 500 ◦C, removing the NEA and making it unsuitable for 
thermionic applications. As such, the last few years have seen a growing 
number of theoretical and experimental studies to identify and charac
terise alternative diamond terminations that are compatible with TECs 
[4].

Theoretical investigations of adsorbates on diamond surfaces typi
cally employ ab initio density function theory (DFT) methods to predict 
structural arrangements, as well as other energetic and electronic 
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properties of the diamond-adsorbate system. These investigations have 
used different DFT codes, such as CASTEP [11–15], AIMPRO [16] and 
CRYSTAL [17,18], and often exploit a range of methodologies and 
different exchange–correlation (XC) functionals. One of the most salient 
properties predicted in these DFT investigations has been the electron 
affinity (EA), χ, which is defined as the difference in energy between the 
vacuum level, Evac, and that of the conduction band minimum (CBM), 
ECBM: 

χ = Evac − ECBM (1) 

A positive electron affinity (PEA), where Evac > ECBM, means that 
electrons situated in the conduction band experience an energy barrier 
to emission from the surface of the material that is equal to the PEA, as 
shown in Fig. 1. In contrast, for an NEA where Evac < ECBM, electrons at 
the CBM experience no emission barrier. The origin of PEA or NEA at 
diamond surfaces is frequently ascribed to the formation of a surface 
dipole which originates due to differences in the electronegativity of the 
adsorbing species and the bulk carbon. If the electronegativity of the 
adsorbate is more negative than that of carbon, a surface dipole is 
formed with the negative charge outermost, which repels electrons back 
into the bulk, resulting in a PEA. Conversely, when the adsorbate is more 
electropositive than carbon, the surface dipole has its positive charge 
outermost, which is believed to assist the escape of electrons into vac
uum, resulting in an NEA.

The most obvious candidates for electropositive adsorbates are metal 
atoms. Group I metals, do indeed, exhibit NEA characteristics when 
adsorbed on diamond, but the larger metals in the group, such as Cs, 
have low thermal stability which limits their usefulness at higher tem
peratures [19]. As such, work has focused upon smaller Group I metals, 
such as Li [12,20] as well as various first-row transition metals (TMs), 
including Cu, Ni, Ti, V and Zn [21–24]. More recently, experimental 
results with Al [25] and especially Sc termination [26,27] look very 
promising, with large NEA values reported and with surfaces stable to 
high temperatures. Results suggest that for metals deposited directly 
onto the diamond surface, carbide-forming TMs give rise to more 
negative NEA values. Overall, results indicate that for optimal NEA, 
together with an air- and temperature-stable diamond surface, it is 

desirable for the adsorbate to have: (a) a high electropositivity, (b) a 
relatively small radius, (c) form stable bonds with both C and O, and (d) 
form stable highly charged positive ions.

Apart from metals, other adsorbate candidates that satisfy these 
criteria are the Group (4) elements silicon and germanium. A series of 
investigations by workers at La Trobe University explored terminating 
the (1 0 0) surface of diamond with up to 1 monolayer (ML) of Si. 
Experiment showed a (3 × 1) surface reconstruction following Si 
termination and annealing [28], with a reported NEA of − 0.86 ± 0.1 eV 
[29–31]. Local-density approximated (LDA) DFT studies were also car
ried out on these systems, confirming the (3 × 1) surface as minimum- 
energy structure and predicting an NEA of − 0.80 eV [32]. Germanium 
was also demonstrated experimentally to display an NEA of − 0.71 ± 0.1 
eV and give rise to a similar (3 × 1) surface reconstruction [33]. LDA 
DFT investigations of Ge adsorbed on the (100) surface support the (3 ×
1) reconstruction geometry and predict an NEA of –0.85 eV.

As discussed previously, the origin of the NEA is attributed to the 
formation of the surface dipole due to adsorption of an electropositive 
adsorbate. Several schemes exist to analyse the magnitude of the charges 
on atoms in DFT, one of the most commonly used being Mulliken 
charges. However, a Mulliken analysis of the charges of atoms that are 
comprised of localised Gaussian basis sets is understood to be basis-set 
dependent, and very different charges can be assigned to the same 
atom for a given system depending on the basis set used. An alternative 
method of charge analysis was developed by Bader based on his quan
tum theory of atoms in molecules (QTAIM) [34]. Here, atoms are par
titioned into so-called atomic basins which are bounded by interatomic 
surfaces, which, in the QTAIM formulism, defines the ‘atoms’ in the 
system of interest. For all points on this surface, the flux of the electron 
density is zero: 

n⋅∇ρ(r) = 0 (2) 

where n is the unit vector normal to the surface, and ∇ρ(r) is the 
gradient of the electron density, ρ, at position r. The total charge of the 
atomic basin is then determined by integrating the density in the basin to 
calculate the total number of electrons assigned to the atom. The total 
number of electrons is then deducted from the atomic charge: 

q
(

Ω
)

= ZΩ −

∫

Ω
ρ
(

r
)

dr (3) 

where ZΩ and q(Ω) are, respectively, the atomic and net charges of the 
atomic basin Ω. Any atomic property P(Ω), such as an atomic-basin 
dipole for a given atom, is obtained by calculating the expectation 
value of that property (using the relevant operator) over the basin Ω.

Another quantity that arises from a topological analysis of the elec
tron density is the ellipticity, ε: 

ε = (λ1/λ2) − 1 (4) 

where λ1 and λ2 are, respectively, eigenvalues of the Hessian of ρ at the 
bond critical point (BCP) along two orthogonal curvatures. By 
measuring the behaviour of the electron density via the ellipticity, one 
may assess the degree of π-character of the bond at the BCP. The larger 
the value of the ellipticity, the more anisotropic the electron density 
along these vectors and, in general, the greater the π-like nature of the 
bond. Note the distinction between the atomic basin dipole (ABD) 
calculated from the Bader analysis, i.e., the dipole that exists about an 
individual atom within its own basin Ω, and the (planar) surface dipole 
due to the Mδ+–Cs

δ- charge separation, to which we have already 
referred.

In order to determine the EA of a surface, the method of Fall et al. is 
often used [35]. Here, the calculated difference in energy between the 
valence band maximum (VBM) and the average electrostatic potential of 
bulk diamond is added to the average electrostatic potential of the sur
face under investigation. This results in the position of the VBM of the 

Fig. 1. Schematic diagram illustrating the electron affinity, χ, and the work 
function, ϕ, in relation to the Fermi level, EF, and a fixed vacuum energy level, 
Evac, for (a) a PEA and (b) an NEA semiconducting material. The valence band 
(VB) maximum energy is denoted as VBM, while the conduction band (CB) 
minimum energy is denoted as CBM.
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surface. In order to determine the CBM, the bulk band gap, Eg, of dia
mond is then added to this VBM value. Frequently, the XC functionals 
involved in the calculation of Eg are either LDA or generalised gradient 
approximated (GGA). Approximations made at these levels of theory 
lead to a large underestimation of the Eg, providing an erroneous EA. 
Hence, in order to predict accurately the location of the CBM, LDA and 
GGA DFT studies utilise the experimental value of the diamond band 
gap, Eg,exp, thus turning an otherwise ab initio investigation into one that 
is semi-empirical. This problem can be mitigated by employing an XC 
functional that better predicts Eg. Functionals such as B3LYP – a hybrid 
functional that includes 20 % of the exact Hartree-Fock energy – 
significantly improves the calculation of Eg over GGAs, including that of 
diamond of course [36]. The ab initio program CRYSTAL17 [37] allows 
for the use of such functionals at only modest computational cost.

Here we present a DFT investigation of Si and Ge adsorption onto the 
bare (100) diamond surface using the ab initio software package CRYS
TAL17. In this paper, the EA and adsorption energies (Eads) are calcu
lated using the hybrid XC functional B3LYP. This functional is also used 
to determine the band gap of bulk diamond, Eg, so that the EA is pre
dicted with no need for the experimental value, Eg,exp. The surfaces are 
terminated with up to 1 monolayer (ML) of Si and Ge, and their struc
tural, energetic, and electronic properties determined. Further details of 
the calculations can be found in the Supplementary Information (SI).

2. Methods

The CRYSTAL17 [37] ab initio software package was employed for all 
calculations. Bulk systems were modelled using three-dimensional pe
riodic-boundary conditions. Surfaces were modelled using twelve-layer 
two-dimensional slabs produced by slicing the bulk diamond along the 
(100) crystallographic plane. In these slab systems, periodic-boundary 
conditions were applied to the surface in-plane vectors of the slab, i.e., 
x and y coordinates only. All calculations were performed using the 
B3LYP hybrid exchange–correlation (XC) functional. The CRYSTAL17 
program performs periodic calculations based on the linear combination 
of atomic orbitals (LCAO) approximation.

For all calculations, the Pople 6-21G [38] basis set was used for 
carbon. A similar basis set has been shown in the literature to provide an 
accurate description of diamond and its properties [39], and was found 
from our benchmarking analysis to reproduce bulk properties with good 
accuracy. Similar to the use of the expanded triple-zeta with polarisation 
(TZVP) basis set for defects within a 6-21G carbon bulk [40], we have 
employed pob-TZVP-rev-2 [41] for Si and Ge adsorbates. The values of 
program parameters ITOL1, ITOL2, ITOL3, ITOL4, and ITOL5, which 
control the Coulomb and exchange cut-offs, were respectively set to 7, 7, 
7, 8, and 18. These values have also been used in the literature to model 
diamond slabs using CRYSTAL [18]. The SCF convergence tolerances 
were set to 10-8 Ha. A Monkhorst-Pack scheme was chosen for the 
sampling of k-points in the Brillouin zone. For all slabs investigated, an 
8 × 8 × 1 k-point sampling mesh was used. Slabs contained twelve layers 
of carbon atoms, because in preliminary investigations we found that 
twelve layers provided sufficient convergence with respect to the pa
rameters of interest: the specific surface energy, the bond lengths in the 
slab core and surface, the surface band gap, and the work function. Each 
layer contained four carbon atoms. A full set of benchmarking calcula
tions is given in the SI.

To determine the diamond lattice parameter used in slab calcula
tions, bulk diamond supercells were optimised with respect to both the 
lattice constant and atomic positions. From this set of calculations, the 
converged values of the bulk lattice constant, C–C bond length, and band 
gap with respect to supercell size and the number of k-points were 
determined. Further, the energy separation between the C 1s orbital and 
the VBM was calculated. To construct the slabs, the converged lattice 
constant from these bulk calculations was used. For all slab calculations 
this value was held constant, i.e., only the atom positions in the slabs 
were optimised.

The adsorption-configuration space was explored by initialising ad
sorbates onto different permutations of the high-symmetry surface 
structures of the (1 × 1) and reconstructed (2 × 1) bare (1 0 0) surface, 
as shown, respectively, in Fig. 2(a) and Fig. 2(b). For the (1 × 1) surface, 
these structures are defined as on-top (OT), pedestal (PE), bridge-A (BA), 
and bridge-B (BB). For the reconstructed (2 × 1) surface cell containing 
8 atoms, these structures are termed pedestal (HH), bridge (HB), valley 
bridge (T3), and cave (T4). Adsorbates were positioned ~1.5 Å above 
these positions on both the upper and lower surfaces of the slab. Cov
erages of 1, 0.67, 0.5, and 0.25 ML – where 1 ML constitutes one 
adsorbate atom per surface C atom – were investigated. Multiple starting 
conformations were investigated.

The adsorption energy of an atom on a surface is defined as: 

Eads = (Etotal − Eslab − NEat)/N (5) 

where Etotal is the energy of the slab containing adsorbates, Eslab the 
energy of the substrate slab, Eat the energy of the isolated adsorbate, and 
N the number of adsorbates. To determine the electron affinities, the 
energy separation between the C 1s orbital and the VBM of the bulk 
supercell was added to the C 1s energy found for carbon atoms at the 
centre of the slabs. This provides the position of the VBM. To this VBM 
was added the bulk band gap calculated using the B3LYP XC functional, 
Eg,B3LYP, to determine the position of the CBM. This value was then 
referenced to Evac of the slab, which was itself determined via a plane- 
averaged electrostatic-potential calculation [35]. This difference, as 
given in equation (1), provides the EA.

3. Results

We begin this section with an overview of the Ead and EA values 
found for the conformationally stable structures of both adsorbates, 
noting any general trends observed. We then proceed to discuss several 
of the 0.25, 0.5 and 1 ML structures in more detail, comparing differ
ences in the Mulliken and Bader charges, band structures, density of 
states (DOS), and bond critical points (BCPs).

Table 1 contains the Ead, EA, and surface work function, ϕs, values for 
each conformational energy minimum found for Si and Ge. The most 
exothermic adsorption energy for each adsorbate is found for a 0.67 ML 
coverage, in agreement with previous experimental and theoretical 
findings [28,32,33]. For Si and Ge, we determine these Ead energies to be 
− 7.35 eV atom− 1 and − 6.97 eV atom− 1, respectively. As anticipated 
from their Group-4 electronic configurations, a significant overlap is 
found between the structures accessible to both adsorbates. For 0.25 ML, 
both Si and Ge form HH, HB, T3, and T4 structures. For 0.5 ML, T4, HB, 
and T4 + HB (√2 × √2) are common to both adsorbates. Further, a 
1 ML (1 × 1) structure is also found for both Si and Ge. In contrast, 
several structures are unique to one of the adsorbates, e.g., a 0.5 ML HB 
+ T4 linear and a dimer-bridging arrangement are found only for Si, 
while Ge displays half-monolayer HB + T4 (√2 × √2) and T4 
(√2 × √2) surfaces in addition to a 1 ML (2 × 1) structure, none of 
which are found for Si.

Turning to the electron affinity, an NEA is found for every structure 
except for the Si 0.5 ML HB + T4 linear configuration, which displays a 
PEA of 0.57 eV. Besides a few exceptions, for a given elemental adsor
bate, larger NEAs are generally found for larger adsorbate coverages. 
The largest NEA for Ge is found to be − 3.33 eV for the 1 ML (2 × 1) 
structure, while the largest NEA for Si is determined to be − 2.03 eV for 
the 0.5 ML HB surface. Further, we find that Ge displays a larger NEA 
than Si for every structure common to both elements.

3.1. 0.25 ML Si & Ge

Si and Ge have identical 0.25 ML configurations, shown in Fig. 3. 
The relative thermodynamic stability of these structures is the same for 
both elements: T4 > HB > T3 > HH. Ge displays higher exothermic 
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adsorption energies. The Si and Ge T4 minimum-energy structures 
show similar Eads: Si = –5.88 eV atom− 1 and Ge = –5.98 eV atom− 1. 
With respect to adsorbate bonding to the underlying carbon surface, 
the configurations can be divided into those that are two-coordinate 
(T4 and HB), and those that are four-coordinate (T3 and HH). For a 
given structure common to both adsorbates, Ge displays significantly 
larger NEA values than Si. For Si we determine NEA values of T4 
(–0.31 eV) < HH (–0.43 eV) < HB (–0.62 eV) < T3 (–0.81 eV), and for 
Ge the NEAs are HH (–0.93 eV) < T4 (–1.20 eV) < T3 (–1.42 eV) < HB 
(–1.46 eV). These data show that T4 and HH display the two smallest 
NEAs for both adsorbates, while the two largest NEAs are found for T3 
and HB; for Ge these latter two structures differ in their NEAs by only 
0.04 eV. No obvious relationship between structure stability and EA is 
evident from our data.

Table S1 in the Supplementary Information contains Mulliken and 
Bader charges for the adsorbate, surface carbons, and second-layer 
carbons in each of the 0.25 ML surfaces. For a given structure, 

Mulliken and Bader charge partitioning yield significantly different re
sults, even though in both schemes, adsorbate charges are found to be 
positive, as anticipated by the more electropositive nature of Si and Ge 
compared to C.

Mulliken charges for a given adsorbate are found to be similar in 
every configuration: Si charges are in the range 0.34 – 0.53 e, while Ge 
charges span 0.48 – 0.73 e. For Si, the ordering of the Mulliken charge 
for each surface is HB < HH < T4 < T3, and for Ge a similar trend HB <
T4 < HH < T3 is found. For identical structures, Ge is found to have a 
higher positive charge than Si by ~0.1 – 0.3 e.

The results above contrast with those found in a Bader analysis. Here, 
the magnitude of the positive charge is found to be larger for both ad
sorbates in every structure compared to those found from the Mulliken 
analysis. For Si, adsorbate charges are 1.67 e (HH) > 1.38 e (T3) >
1.19 e (HB) > 1.14 e (T4). For Ge, an identical ordering is found: 1.08 e 
(HH) > 1.02 e (T3) > 0.82 e (T4) > 0.80 e (HB). These results show that, 
under the Bader scheme, Si displays higher positive charges than Ge.

Differences are also found in the two methods of analysis for the 
charges on carbon. Mulliken charges for C in the surface and second layers 
are found to alternate significantly. This is not surprising as orbital-based 
methods have been shown to have a much larger dependence on basis set 
than electrostatic potential and volume-based methods [42]. On the 
surface C layer, both negative and positive charges are found, the latter 
being typically small in magnitude, e.g., ~ |0.0 – 0.1| e. Charges on C in 
the second layer are frequently larger in magnitude than those on the 
surface, e.g., ~ |0.1 – 0.2| e. This highlights a key feature found in the 
Mulliken charge partitioning; non-negligible charge attributed to C is 
found to permeate 3–4 layers into the slab. These charge alternations 
mean that it is not straightforward to form an approximate planar 
Mδ+–Cs

δ- dipole model of the surface between either Si or Ge and the 
surface carbon layer. Such alternations have been noted previously in 
other (conjugated) carbon chains and criticised as unphysical [43]. With 
Bader partitioning, however, we observe that the majority of the electron 
density lost from the adsorbate is distributed on the surface carbons. 
Charges within this layer are  ~− 0.2 to − 0.6 e. We emphasise here that all 
charges within the surface layer are negative, in contrast to those from the 
Mulliken scheme, and are much larger in magnitude. Carbon atoms in the 
second layer are found to have lower Bader charges, e.g., ~ |0.0 – 0.2| e. 
Indeed, charge alternations of C atoms going into the slab are significantly 
reduced. Because of this confinement of the majority of the charge 
transfer to the adsorbate (which becomes positively charged) and the 
surface carbons (which become negatively charged) a surface dipole can 
be calculated.

Table S3 in the SI contains the adsorbate-Cs bond critical point (BCP) 
data for each 0.25 ML structure. We compare these BCP data to values 

Fig. 2. Top-down images, viewed along the [100] direction, of the high-symmetry locations on the (a) (1 × 1), and (b) (2 × 1) reconstructed bare (100) diamond 
surface. Site labels are defined in the body text.

Table 1 
Values of adsorption energy, Ead, electron affinity, χ, and surface work function, 
ϕs, determined for Si and Ge adsorbate conformations.

Coverage / 
ML

Structure Ead / (eV 
atom¡1)

χ / eV ϕs / 
eV

0.25 Si HH − 4.41 − 0.43 5.14
HB − 5.86 − 0.62 5.09
T3 − 4.67 − 0.81 4.71
T4 − 5.88 − 0.31 5.29

Ge HH − 3.91 − 0.93 4.33
HB − 5.70 − 1.46 4.38
T3 − 4.60 − 1.42 3.70
T4 − 5.98 − 1.20 4.52

0.5 Si T4 − 7.08 − 1.42 4.54
HB − 6.68 − 2.03 4.08
HB + T4 
(√2 × √2)

− 5.90 − 0.61 5.44

HB + T4 (linear) − 4.96 0.57 4.83
Dimer bridge − 6.86 − 1.62 4.44

Ge T4 − 6.89 − 2.13 3.86
HH − 4.86 − 2.11 4.08
HB − 6.27 − 2.58 3.70
HB + T4 
(√2 × √2)

− 5.92 − 1.74 4.38

T4 (√2 × √2) − 5.81 − 1.16 4.63
0.67 Si (3 × 1) − 7.35 − 1.71 4.35

Ge (3 × 1) − 6.97 − 1.82 3.65
1 Si (1 × 1) − 6.11 − 0.15 3.82

Ge (1 × 1) − 5.63 − 3.33 2.74
(2 × 1) − 6.38 − 2.10 3.61
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found for the bulk-like C–C bonds in the central region of the slabs, which 
are considered ideal σ covalent bonds. Here, the density, Laplacian, and 
ellipticity are found to be 0.23 au, − 0.54 au, and 0.00, respectively. These 
data show a high concentration of density at the C–C BCP that is locally 
concentrated at the BCP and is of σ character. The electron density at 
M− C BCPs varies between 0.07 and 0.10 au for Si and 0.06 – 0.10 au for 
Ge. Both Si and Ge share a similar trend in the ordering of the magnitude 
of the density for each configuration; Si: T3 < HH = T4 < HB; Ge: T3 <
HH < T4 < HB. These data suggest larger electron densities, i.e., greater 
covalency, at the BCPs of the two-coordinate surfaces HB and T4. Distinct 
differences, however, are found in the Laplacian and ellipticity at BCPs of 
the different coordination sites. In the HH and HB surfaces much larger 
values are found for these two quantities. The values of the Laplacian at 
these sites for both elements are similar; Si 0.13 (HB) and 0.11 au (HH); 
Ge 0.11 (HB) and 0.12 au (HH). The small positive values indicate that, at 
the M− Cs BCPs for HB and HH surfaces, ρ is locally weakly depleted, thus 
suggesting polar-covalent M− Cs bonds. For Si and Ge T3 and T4 sites, the 

Laplacian is close to zero, indicating a smoothly varying density. The 
ellipticity varies more for Si (0.07 – 0.71) than Ge (0.09 – 0.34), with 
larger values found at BCPs at the HB and HH sites. Hence, these data 
show a larger degree of anisotropy in the electron density at the HB and 
HH coordination sites, suggesting some degree of π-like bonding character 
at these sites.

For a given configuration, the electronic (band) structures for the 
two adsorbates are almost identical (see band structure diagrams 
Figs. S1 and S2 in the SI). Each diagram displays empty low dispersion 
states in the band gap. For HB structures, empty band-gap states display 
particularly low dispersions, indicating that the states are highly local
ised. Inspection of the DOS projected onto the adsorbate and carbon 
layers (Figs. S3 and S5 in the SI), show that filled states in the vicinity of 
the VBM tend to contain their largest contributions from the adsorbate 
and surface C atoms. The two-coordinate nature of the T4 and HB sur
faces lead us to anticipate occupied and localised adsorbate states for 
both structures, reflecting non-bonded electrons situated on the 

Fig. 3. Top-down images of the 0.25 ML configurations of Si (left column) and Ge (right column) showing (a)-(b) T4, (c)-(d) HB, (e)-(f) T3, and (g)-(h) HH con
figurations. Si atoms are beige, Ge green.
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adsorbates. Indeed, the T4 and HB DOS show a set of states largely 
located on the adsorbates with minor contributions from the surface 
carbons. The projected density-of-states (PDOS) for the adsorbates 
(Figures S4 and S6 in the SI) show that these occupied adsorbate states 
for T4 and HB in the vicinity of the VBM are formed primarily from 
orbitals of pz symmetry and contain minor contributions from s-sym
metry orbitals. These combinations imply spz hybridisation, which in 
turn suggests electrons projecting from the surface. As stated above, the 
four-coordinate T3 and HH structures contain occupied states in the 
vicinity of the VBM which are also formed from contributions of surface 
carbons and adsorbates. Here, however, in contrast to the two- 
coordinate systems, the states are primarily based on the surface car
bons. Further, the PDOS for T3 and HH show that the contributions 
arising from the adsorbates are attributed primarily to px and py, which is 
expected, considering the surface symmetry, of the Cs–M bonds.

Differences between the electron-density distribution in the region of 
the adsorbate for the two- and four-coordinate structures can be seen in 
their electron-density and density-difference maps, where the difference 
density is relative to the superposition of the isolated atom densities. 
These are shown for the Ge T3 (four-coordinate) and T4 (two-coordi
nate) structures in Fig. 4(a) and 4(b), and Fig. 4(c) and 4(d), respec
tively. The density maps for the remaining surfaces are provided in 
Figs. S7, S8, and S9 in the SI. Together these show significant differences 
in the polarisation of the electron density for the two- and four- 
coordinate systems. In T4, there is a redistribution of electron density 

to regions vertically above Ge. The same observation is true for HB Ge, 
and T4 and HB Si. This contrasts with the reduction in the density in the 
same regions for both adsorbates in the four-coordinate T3 and HH 
structures. Although these four-coordinate surfaces display similar re
distributions, a careful inspection of the HH structures shows a larger 
polarisation of density vertically above and close to the adsorbate. This 
is larger for Ge than Si as seen in the atomic-basin dipole (ABD) data 
(Table 2). For both adsorbates in all locations, there is a negative atomic- 
dipole-moment component parallel to the z-axis (along [100]), equal in 
magnitude to the total atomic-dipole moment within that atomic basin, 
i.e., the atomic dipole points towards the surface from the vacuum and is 
almost entirely perpendicular to the surface plane. The negative value 
along the z-direction indicates a negative charge, i.e., an electron dis
tribution, in the vacuum region above each adsorbate. The order of the 
magnitude of each dipole for both adsorbates is identical: T3 < HH < T4 
< HB, which reinforces our discussion of the density redistribution; for 
T4 and HB (two-coordinate) structures, where density is redistributed 
above the adsorbates, larger negative atomic dipoles are found. 
Conversely, for the T3 and HH (four-coordinate) configurations, where 
density is redistributed away from the vacuum region of the adsorbate, 
there are smaller negative atomic dipoles. The more negative dipole for 
HH over T3 for each adsorbate may relate, as discussed above, to the 
slight polarisation of density just above the adsorbate in the HH struc
ture. Also, despite the significantly higher positive charges acquired 
overall by Si compared to Ge in all equivalent environments, for a given 

Fig. 4. Electron-density maps (left column) and electron-density-difference (right column) maps of the Ge 0.25 ML (a)-(b) T3 and (c)-(d) T4 structures. The images 
show a 2-D slice along the [110] direction. The Ge atoms are the two larger atoms at the top of each frame. Units are electron bohr-3. Isodensity contours for 
electron–density maps differ by 0.01 electron bohr-3, while in difference maps contours are separated by 0.001 electron bohr-3. In all such plots, red denotes regions 
of increased electron density (electron accumulation) and blue regions of decreased electron density (electron depletion).
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configuration the atomic dipole moment of Si in its atomic basin is more 
negative than Ge, and in this context we note the larger NEAs displayed 
by Ge.

3.2. 0.5 ML Si & Ge

Si and Ge each display five 0.5 ML configurations, three of which are 
common to both adsorbates: HB, T4, and HB + T4 (√2 × √2). Addi
tionally, Si independently displays a HB + T4 linear, and Ge a T4 
(√2 × √2) structure. Images for these surface configurations appear in 
Figs. S10 and S11 in the SI. The Si dimer bridge and Ge HH surfaces are 
omitted from the following discussion.

Adsorption energies are, in general, more exothermic for 0.5 ML 
surfaces than for 0.25 ML surfaces. As with the 0.25 ML structures, the 
exothermicity of adsorption in the T4 location for 0.5 ML is higher than 
that found at HB; the most thermodynamically stable half-monolayer 
configuration for both adsorbates is the T4 surface (Si: –7.08  
eV atom− 1; Ge: –6.89 eV atom− 1). Combinations of HB and T4, such as 
the Si and Ge HB + T4 (√2 × √2) and the Si linear HB + T4, display 
reduced exothermicity compared to structures that involve the adsor
bate exclusively in the HB or T4 position. In general, the NEA of Ge > Si. 
The NEA for both 0.5 ML Si and Ge HB is larger than T4, which is also 
observed for the quarter monolayer. Structures produced from combi
nations of HB and T4, such as the Si surfaces HB + T4 (√2 × √2) and 
HB + T4 linear, either have less negative EAs (the former) or a PEA (the 
latter).

Comparison of the Mulliken and Bader charges for the 0.5 ML sur
faces (Table S1 in the SI) reveals a similar pattern for the 0.25 ML 
structures. The Mulliken scheme again assigns larger positive charges to 
Ge than Si for the configurations T4, HB, and HB + T4 (√2 × √2). 
Further, significant charge alternations for C atoms penetrating several 
layers into the slab are found in the Mulliken analysis. Bader parti
tioning, instead, again shows the magnitude of all adsorbate positive 
charges to be larger than that from the Mulliken scheme, and Si acquires 
higher positive charges than Ge. Also, the Bader scheme indicates that 
the majority of the electron transfer from the adsorbate is confined to the 
surface Cs. Only small charges are attributable to C atoms in deeper 
layers.

For 0.5 ML structures, we observe that the adsorbate Bader charges 
of the HB and T4 surfaces are smaller than those of the analogous 
quarter-monolayer surface in which the adsorbate occupies the same 

bonding site. In half-monolayer surfaces, all Cs atoms and adsorbates 
are, respectively, equivalent, and the ratio of Cs to M is 2:1. Hence, all Cs 
atoms equally withdraw density from two adsorbates. For 0.25 ML 
surfaces, the ratio of Cs to M is 4:1, and there are two inequivalent sets of 
Cs sites; one that constitutes carbons that are bonded to M, and the other 
which constitute carbons in dimers that are not bonded to an adsorbate. 
Carbons in the former of these are able to withdraw density from the 
adsorbates like the 0.5 ML case, and are also in the same ratio (2:1). In 
addition, however, carbons in the latter set of sites, which have a Cs-to-M 
ratio of 2:1, additionally withdraw a small amount of electron density 
from M. Overall, in the quarter-monolayer surfaces HB and T4, adsor
bates lose more density and acquire larger positive charges. Despite this, 
however, the larger number of adsorbates per unit surface area in half- 
monolayer T4 and HB surfaces results in a larger planar Mδ+–Cs

δ-, which 
is consistent with their generally larger NEAs compared to 0.25 ML 
coverages.

In common with the observations made for the 0.25 ML surfaces, Ge 
continues to display both smaller planar Geδ+–Cδ- dipoles but larger 
NEAs when compared to analogous 0.5 ML Si structures. The Bader 
charges acquired by Ge are, again, found to be significantly smaller than 
those of Si. For instance, for Ge on the 0.5 ML HB surface a charge of 
0.58 e and NEA of –2.58 eV are observed compared to the respective 
values of 1.05 e and –2.03 eV for the analogous Si HB surface.

Band structures of the 0.5 ML Si and Ge surfaces (Figs. S12 and S13 in 
the SI) reveal that the HB, T4, and (√2 × √2) combination thereof are 
semiconducting, and contain empty low-lying states. The Si HB + T4 
linear structure (Fig. S12(c) in the SI) is metallic. The DOS and PDOS of 
this latter surface (Figs. S14(c) and S15(c) in the SI) show that these 
states in the vicinity of the Fermi level are mostly attributable to silicon 
px and py orbitals. The 0.5 ML Ge structures are all observed to be 
semiconducting (Fig. S13 in the SI). Indeed, the Ge HB and T4 band 
diagrams appear almost identical to their Si counterparts, as do their 
DOS and PDOS.

A topological analysis of the density (Table S4 in the SI) finds M− M, 
i.e., adsorbate–adsorbate, BCPs for only the HB and T4 half-monolayer 
surfaces of Si and Ge. While it is immediately clear that no adsorbate
–adsorbate bonding should be found for the Ge T4 (√2 × √2) surface or 
the HB + T4 (√2 × √2) surfaces of both elemental adsorbates due to 
the large lateral separation of adsorbate atoms (Ge T4 (√2 × √2) =
3.59 Å; Ge HB + T4 (√2 × √2) = 3.58 Å; Si HB + T4 (√2 × √2) =
3.59 Å), the same cannot be said for the Si HB + T4 linear configuration. 
Here, the Si–Si separation is 2.54 Å; the same as those at the Si HB and 
T4 surfaces, each of which do contain Si–Si BCPs (cf. Si–Si bond lengths 
of 2.35 Å in crystalline). However, the absence of Si–Si bonds in the HB 
+ T4 linear surface is not surprising considering the orientation of the 
electron distribution that would be required around Si. To form two 
bonds to adjacent Si atoms, a significant distortion of the typical sp3 

tetrahedral electron distribution would be required, so that the electrons 
participating in the Si–Si bonds would lie in the same plane as those 
electrons in the Si–C bonds. This would be energetically highly unfav
ourable. Indeed, absence of bonds between Si atoms in the HB + T4 
linear structure is evident in the density-difference plot in Figure S18(f) 
in the SI, where there is a polarisation of the density away from the inter- 
Si regions. This is clearly quite different than the situation with HB and 
T4 Si (Figures S18(b) and S18(d) in the SI), and HB and T4 Ge (Figs. S19
(b) and S19(d) in the SI), where there is polarisation of density into 
regions between adjacent adsorbates. With respect to their M− C BCPs 
(Table S3 in the SI), little variation is found in the density and Laplacian 
between the HB and T4 surfaces with that analysed for the quarter 
monolayer. The ellipticity, however, can be seen to reduce for both Si 
and Ge when moving to 0.5 ML coverages. This is most marked for Si, 
where values of 0.46 and 0.02 are found for the HB and T4 0.5 ML 
surfaces, respectively, compared to 0.71 and 0.21 for 0.25 ML coverages 
in the same binding location. For the HB and T4 surfaces of both ele
ments, little distinction is found between the density and Laplacian of 
the 0.5 ML M− M BCPs (Table S4 in the SI). The ellipticity does appear, 

Table 2 
Adsorbate atomic-basin dipole (ABD) moments determined using Bader’s 
QTAIM theory. Note that the ABD moment is that directed along the [100] di
rection, i.e., the negative value indicates that the dipole points from the vacuum 
towards, and perpendicular to, the surface of the slab.

Coverage / ML Adsorbate Structure ABD moment / au

0.25 Si HH − 1.59
HB − 2.01
T3 − 1.03
T4 − 1.79

Ge HH − 1.24
HB − 1.44
T3 − 0.81
T4 − 1.28

0.5 Si T4 − 1.35
HB − 1.62
HB + T4 (√2 × √2) − 1.96 (HB); − 1.91(T4)
HB + T4 (linear) − 1.72 (HB); − 1.70 (T4)

Ge T4 − 0.91
HH − 1.16
HB − 1.08
HB + T4 (√2 × √2) − 1.36 (HB); − 1.35 (T4)
T4 (√2 × √2) − 1.38

1 Si (1 × 1) − 1.59
Ge (1 × 1) − 1.07

(2 × 1) − 0.82
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however, to be larger for both elements in the HB configuration.
The above discussion implies that Si and Ge adsorbates in the HB and 

T4 surfaces are fully valent, in that each adsorbate forms four bonds. The 
other 0.5 ML surfaces discussed above, in contrast, may be expected to 
contain lone pairs, dangling bonds, or double bonds due to their un
fulfilled valence. The presence of non-bonded electrons manifests itself 
in the atomic-basin dipole data in Table 2. For Si HB + T4 linear and HB 
+ T4 (√2 × √2), and Ge T4 (√2 × √2) and HB + T4 (√2 × √2), ABD 
moments are, for a given location, more negative than those of either 
0.5 ML HB or T4 for a given elemental adsorbate. These values suggest 
that, while valence electrons in HB and T4 project less from the surface, 
these other 0.5 ML structures contain valence electrons that project 
further into the vacuum. Further, as with the quarter monolayer sur
faces, 0.5 ML Ge, despite displaying smaller Bader charges and thus 
smaller Mδ+–Cs

δ- surface dipoles, continues to provide smaller, i.e., less 
negative, ABDs over Si considering the like-for-like structures T4 and 
HB. This may again explain, similar to the 0.25 ML surfaces, the larger 
NEAs displayed by Ge.

3.3. 1.0 ML Si & Ge

At 1 ML coverage, Si displays only a single structure while Ge dis
plays two. These surfaces are shown in Figure S20 in the SI. Both ele
ments share a common 1 ML (1 × 1) structure in which the adsorbates 
form a (1 0 0)-like diamond plane on top of an unreconstructed (1 × 1) 
diamond surface. Ge additionally acquires an arrangement in which the 
underlying C surface is (2 × 1), with Ge occupying sites almost vertically 
above the C surface dimers. This latter structure displays the largest Eads 
(–6.38 eV atom− 1), followed by Si (1 × 1) (–6.11 eV atom− 1) and Ge (1 
× 1) (–5.63 eV atom− 1). Continuing the trend observed in smaller 
coverages, we find the Ge surfaces to have larger NEAs than the Si 
structure: Ge (1 × 1) = –3.33 eV > Ge (2 × 1) = –2.10 eV > Si (1 × 1) 
= –0.31 eV.

An analysis of the Mulliken and Bader charge distributions for these 
surfaces demonstrates the same pattern observed for smaller coverages. 
In the Mulliken scheme, smaller positive charges are found for Si than Ge 
in shared (1 × 1) structures, and charge alternates on the C atoms several 
layers into the slab (Table S2 in the SI). In contrast to the Mulliken 
populations, Bader partitioning again attributes larger positive charges 
to all adsorbates, and larger positive charges are associated with Si than 
Ge. We continue to find a reduction in the charge-per-adsorbate relative 
to adsorbate charges at smaller coverages. However, the overall surface 
Mδ+–Cs

δ- dipoles are larger for 1 ML coverage due to the increased 
adsorbate density. The NEA of –3.33 eV calculated for this surface is 
also the largest NEA of all the Ge structures. In contrast, although the 
Siδ+–Cs

δ- surface dipole is also the largest of all Si structures in this work, 
the associated NEA of –0.15 eV is extremely small. Although the 
magnitude of the atomic dipole of Si within its atomic basin is fairly 
large (–1.59 au), more negative atomic-dipole moments for Si exist for 
lesser coverages that have larger NEAs, e.g., 0.25 ML HB and T4, and 
0.5 ML HB. However, we note that the 1 ML (1 × 1) surface has more Si 
atomic-basin dipoles due to the increased areal density of Si compared to 
these 0.25 and 0.5 ML structures. Hence, the increased number of these 
atomic Si dipoles may suppress the NEA of the 1 ML surface.

Band structures for the three 1 ML surfaces are provided in 
Figure S21 in the SI. All surfaces are shown to be metallic and contain a 
large number of highly dispersed, i.e., delocalised, states that span the 
surface band gap. For Si and Ge (1 × 1), the Fermi level resides 
approximately in the middle of the band gap. For the Ge (2 × 1) surface, 
the Fermi level resides close to the VBM. For the (1 × 1) structures of 
both elements, these band-gap states can be seen from DOS in Fig. S22
(a)-(d) in the SI to originate from approximately equal contributions 
from the adsorbate and surface carbons. An inspection of the adsorbate 
PDOS plots shows that these gap states originate from s, px, and py or
bitals of similar weighting. Hence, these likely reflect empty Cs–M states. 
In contrast, the Ge (2 × 1) structure demonstrates band-gap states that 

are almost entirely attributable to Ge s, px, and py orbitals with almost no 
contribution from the surface carbons, implying empty Ge–Ge states.

Significant differences are also observed in the electron-density plots 
(Fig. S22 in the SI) and the M− M BCP data (Table S4 in the SI) for the (1 
× 1) and (2 × 1) surfaces. In the former, the density-difference plots for 
both elemental adsorbates within the plane of the adsorbate layer show 
a polarisation of density between adjacent adsorbates along only a single 
direction. Corroborating this, an inspection of the critical points for 
these (1 × 1) surfaces indicates that BCPs are present only between 
adsorbates along orientations in which electron density accumulates. 
The Ge (2 × 1) surface is quite different, however. In the density- 
difference plot, a polarisation of density is seen between Ge adsor
bates along two perpendicular directions. A BCP analysis of this (2 × 1) 
surface indicates four Ge–Ge BCPs per adsorbate are present: two along 
the [110] direction, and two along the [110] direction. In the former, 
BCPs are shown to be equivalent. Along the latter [110] direction, 
however, two similar but inequivalent BCPs are found between adjacent 
Ge adsorbates above the surface C–C dimer and also above Ge–Ge 
bridging C–C dimer rows.

4. Discussion, conclusions, and future work

It is interesting to highlight the larger NEA values exhibited by Ge, 
despite it displaying smaller adsorbate charges and thus smaller planar 
surface dipoles. This is even more intriguing given that both Ge and Si 
have the same valency, and also demonstrate similar adsorbate
–adsorbate and adsorbate-C bonding arrangements and properties. 
However, as highlighted in earlier sections, significant differences are 
found with respect to the ABD moments of the two elements. For nearly 
all structures within a coverage subset, Si displays more negative 
atomic-dipole moments than Ge. This indicates that, despite having 
fewer electrons in the atomic basins of Si, the electrons which are pre
sent project to a greater extent from the surface towards the vacuum. 
This may indicate that, in addition to the surface planar dipole as a first- 
order approximation to the determination of the NEA, a higher-order 
factor relating to the electron density in the adsorbate atomic basin 
would lead to a predictive model for the EA, in which more negative 
ABDs may correlate with a smaller NEA for a given Mδ+–Cs

δ- planar 
dipole.

In order to consider other factors that affect the NEA, a further 
evaluation of the structures that display ‘anomalous’ NEA values – 
namely, Si 0.5 ML HB + T4 linear, Si 0.5 ML HB + T4 (√2 × √2), and 
1 ML Si (1 × 1) – is warranted. For the first of these, the most obvious 
difference between this and other 0.5 ML surfaces is the large number of 
C–C dimer bonds exposed to the vacuum. These C atoms display a small 
negative charge of –0.08 e. Coupled with this is the high electron density 
situated in the dimer due to the presence of the π bond. The PEA dis
played by this surface may be explained by the presence of both lone 
pairs situated on Si and the π electrons situated in the C–C dimer. An 
anomalous feature of the Si 1 ML (1 × 1) surface is the very high value of 
the ellipticity found in a Bader analysis of the Si–Si BCPs. This value of 
0.34 is significantly larger than the value of 0.05 found for the analogous 
1 ML Ge (1 × 1) surface.

Finally, the exposed dangling bonds on the 0.25 ML and 0.5 ML 
structures clearly make further oxidation/hydrogenation/chemical- 
attack facile. The high coordination number of Si in the 1 ML surface 
may confer stability over the lesser coverages with respect to chemi
sorption, but exposure to atmosphere may still result in oxidation or 
hydrogen addition which may alter the EA and render a device failure. 
Conversely, dangling bonds may afford an opportunity to modify the 
surface further and enhance functionality.

In conclusion, attachment of Si and Ge to a (1 0 0) diamond surface 
leads to a NEA when directly adsorbed onto the bare carbon surface. Si 
adsorbates display surfaces which tend to provide more exothermic 
adsorption energies, but Ge adsorbates demonstrate larger NEAs. 
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However, despite displaying larger NEAs, the surface Ge dipoles are 
smaller than that for Si. In this context, we note that Ge adsorbates 
display less negative atomic-basin dipoles, which may explain the ten
dency of the Ge-adsorbed surfaces to display larger NEAs. Agreement 
with experiment is reasonable but discrepancies remain, such as the 
differences between theory and experiment for 0.67 ML (3 × 1)-termi
nated Si and Ge surfaces. Experimental values of 0.86 ± 0.1 eV for Si, 
− 0.71 ± 0.1 eV for Ge) compare with calculated values of − 1.71 eV 
and − 1.82 eV, respectively. More work is needed to see whether this is 
due to the use of hybrid DFT, differences in surface structure, or a lim
itation of surface supercell size.

We plan further studies in which the elements Li, Mg, and Al are 
adsorbed on the (1 0 0) diamond surface, examining the surface dipoles 
and ABDs, calculated using Bader partitioning as well as their NEA 
values. These studies will generate significant additional data in which 
Group (1) (Li), Group (2) (Mg), and Group (3) (Al) elemental adsorbates 
– in addition to the Group (4) elements covered in this work − can be 
compared and contrasted in detail, and provide more opportunities to 
establish correlation between EA values and the structure, dipole mo
ments and bonding of different configurations.
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A-center defect in diamond: quantum mechanical characterization through the 
infrared spectrum, Phys. Chem. Chem. Phys. 19 (22) (2017) 14478–14485, 
https://doi.org/10.1039/C7CP00093F.

[37] R. Dovesi, F. Pascale, B. Civalleri, K. Doll, N.M. Harrison, I. Bush, P. D’Arco, 
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