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ABSTRACT: Many metal and metal oxide terminations have
resulted in imparting negative electron affinity (NEA) to various
diamond surfaces, especially diamond (100), and lowering the
surface work function considerably. Tin, having many interesting
properties in both metallic and oxide forms and being nontoxic and
abundant, has the potential of being an efficient termination of
diamond for interesting surface properties. Density functional
theory is used to assess tin adsorption on the bare and oxygen-
terminated diamond (100) surface. Quarter and half monolayer
coverages of tin were found to be the most stable coverages in the
case of both bare and oxygen-terminated diamond, resulting in
large adsorption energies (up to —6.5 eV on the oxygen-terminated
surface with an electron affinity up to —1.5 eV), comparable to the
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results obtained for H-terminated and alkali metal/metal oxide-terminated diamond surfaces. The electrostatic potential and density
of states calculations suggest a stronger covalent bonding between the surface species along with the shift in the electron density
toward or in the vicinity of surface carbon atoms, which leads to NEA. These results lay a foundation for any future investigation into

this novel termination.

B INTRODUCTION

Diamond, known for its strength and ornamental value, has
drawn considerable interest in science and technology because
of its superior electrical, thermal, mechanical, optical, and
chemical properties, which can be used in novel applications
such as thermionic emission, catalysis, quantum sensing, and so
on."” An interesting contribution of diamond toward a much
needed renewable energy generation technology would be the
demonstration of low-temperature thermionic emission for
thermionic energy conversion, which owes its existence to a
property of certain diamond surfaces to exhibit negative
electron affinity (NEA).> NEA exists when the vacuum level
lies below the conduction level in a semiconductor material
due to which there is a negligible energy barrier to electron
emission. The existence of NEA on the surface of diamond has
been attributed to the formation of a surface dipole between
the surface carbon atoms and the terminating species.* The
terminating species need to be a more electropositive atom or
a group relative to the surface C atoms because of which the
electron density shifts toward more electronegative C atoms
and hence producing NEA. Achieving NEA in narrow-band
gap semiconductors is difficult; however, in wide-bandgap
semiconductors, like diamond, it is due to the natural
proximity of the vacuum level to the conduction band maxima
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(CBM) that any suitable surface termination changes the
surface dipole in such a way that the conduction band lies
above the vacuum level. The existence of true NEA, where the
CBM at the surface is higher than the local vacuum level, E,,
is crucial for achieving a significantly higher electron yield,
which is desirable in applications like current amplifiers,
vacuum electronics, thermionic converters, and even new
forms of photochemistry.” True NEA can be differentiated
from the effective NEA as in the latter case the CBM at the
surface is very close to the vacuum level, which qualifies it for
the positive electron affinity (PEA); however, because of
sufficient downward band bending toward the surface deep in
the bulk of the material, the CBM is above the vacuum level.
This encourages the tunnelling of electrons from the CBM into
the vacuum region without encountering a barrier if the space
charge region is narrow enough.6
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Also, the induction of NEA leads to the reduction in the
ionization energy, a feature that is very critical to the surface
transfer doping application used in many diamond-based
electronic devices. Various atoms or groups have been explored
as potential terminations of the diamond surface; some of
them lead to the occurrence of PEA, while others impart NEA
to various diamond surfaces with different orientations.
Moreover, diamond has also been explored as an important
material in quantum sensing application owing to the discovery
of various elemental vacancy centers in it. Nitrogen-vacancy
centers and silicon-vacancy centers with negative charge (as
NV~ and SiV~) have been explored in detail in different types
of diamond materials, such as nanodiamonds, as candidates of
interest in such applications. NEA would neutralize the
negatively charged NV~ and SiV™ species, hence giving rise
to the need for having a positive electron affinity diamond
surface (PEA) that can preserve the charge state of vacancies in
the diamond.”

Various atoms or groups have been investigated as potential
PEA and NEA-terminating species to the diamond surfaces
with various orientations. The most common PEA and NEA-
imparting atoms that have been researched widely are oxygen
(O) and hydrogen (H), respectively.””'® O-terminated
diamond (OTD) surfaces have been researched widely as a
PEA-imparting surface termination.* Many processes with
diamond as simple as acid-washing result in the O surface
termination of diamond.'* Experimentally, O has been seen to
occupy a mix of both the ether and the ketone (carbonyl)
positions. Theoretically, ether-terminated diamond has been
found to be the most stable form of OTD as has been found in
our study as well. OTD has been seen to possess a PEA of up
to 2.7 and 3.8 eV with large adsorption energies per atom in
the case of ether and ketone terminations, respectively.">">~"”
Experimentally, we have found the PEA value of 0.89 eV per
atom for OTD."® This has resulted in O being studied as a
potential candidate in quantum sensing and electrochemical
applications along with other elements like boron'**’ and so
on. H termination of diamond has been found to possess an
NEA of —1.96 eV theoretically and —1.3 eV experimen-
tally.'”*'~*” However, hydrogen has been seen to desorb at
elevated temperatures (>700 °C) which renders it nonusable
in the devices operating at high temperatures. Various metal
and metal oxide terminations of diamond surfaces have been
explored,”®”” backed by the fact that oxygen inclusion results
in the formation of stronger surface dipoles because of the
increased sticking coefficient between the metal atom and the
surface carbon atom.”’ Research has mostly focused on a
certain group of elements as potential termination of the
diamond surface. Alkaline metals, alkaline-earth metals, and
transition metals have been a focus of most studies both
theoretically and experimentally.”*'**'™*5 There are only a
few studies that have focused on other elements like Al, Si, Ge,
F, Sn, and so on,'®***%73 which have been shown to impart
NEA to the diamond surface. The same-group elements with
Sn like Si and Ge have experimentally been studied as the
surface terminations on diamond (100). Ge has been found to
impart an NEA of —0.71 eV on the surface of diamond (100)*”
while Si deposition on the surface of diamond (100) has
resulted in an electron affinity of —0.86 + 0.1 eV; however,
both Si and Ge have been determined to be unsuitable for
device application under ambient conditions because of the
high reactivity of unsatisfactory silicon and germanium bonds
which would demand a protective layer to be grown on top of

the structure (e.g, in the form of a SiO, layer), which could
have a negative impact on NEA and a lower work function
(WF) in these structures. Sn has also been experimentally
observed to impart NEA on the surface of diamond (100)
while being stable under ambient conditions which is a crucial
point as far as device application of these structures is
concerned. Table 1 shows the results of most stable
terminations along with their corresponding EAs.

Table 1. Most Stable Coverages of Different Metals on the
Various Orientations of Diamond and Their Corresponding
Adsorption Energies along with Electron Affinities Taken
from refs 19, 40, 41°

coverage (ML) adsorbate substrate Eq (eV) x (eV)
0.5 Al bare —-3.97 —-0.93
1 Al bare —4.11 —1.47
1 B bare —6.85 -1.39
1 Ti bare -5.08 0.35
1 Cu bare —-2.93 —0.55
0.5 Al OTD —6.36 —0.37
1 Al OTD —4.58 —0.54
0.5 B OTD -9.0 0.49
1 Li OTD —3.64 —-3.50
1 Na OTD —-1.62 —1.42
0.5 Mg OTD -3.92 =2.77
0.5 Na OTD —-2.41 —-1.30
0.5 K OTD —-1.92 —1.31
0.25 Cs OTD -2.19 —2.41

“Here, bare means unterminated diamond, while OTD represents
oxygen-terminated diamond.

We are focusing on tin (Sn), a metal that has been left out as
a potential termination of the diamond surface. Sn is available
in abundance, nontoxic and has the same valency as carbon
(C), hence lesser chance for lattice mismatch between Sn and
C layers. Sn with a large electron cloud is expected to
contribute to the redistribution of electron density toward
more electronegative C and O because of which a surface
dipole is generated with the negative side of the dipole inclined
toward the surface carbon atoms, a strong reason for the
generation of NEA on the surface of diamond. Sn adsorption
on an OTD would also result in the formation of tin monoxide
(SnO) on the surface of diamond. SnO has already been
studied as a superior 2D material possessing various
remarkable features, and its conductivity can be altered using
different doping approaches. Moreover, lithiated tin has been
shown to possess a remarkably lower WF in bulk form (as
alloys). Hence, SnO-terminated diamond would not only lead
to modification of diamond surface properties impressively but
also encourage other studies of combining alkali metals like Li
with SnO thin films for revolutionary properties on the surface
of diamond for various applications. All of this emphasizes the
significance of this work.

B METHODS

A symmetrical 12-carbon-atom-thick periodic (in x and y) slab
of carbon atoms, representing diamond (100), with 2 X 2
supercells on both (100) surfaces yielding four C atoms on
each surface was used.”” This enabled us to vary the coverage
of Sn atoms from quarter monolayer (QML = 0.25 ML) to half
monolayer (HML = 0.5 ML), to full monolayer (FML = 1
ML) by adsorbing one, two, or four Sn atoms, respectively. For
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OTD, eight oxygen atoms were used to terminate the eight
carbon atoms on both surfaces in ether and ketone
configurations. The slab dimensions were fixed at 5.016 S A
X 5.016 A with a sufficient vacuum gap of 20—25 A (~24.27
A) in between the repeating cells such that the electrostatic
potential (EP) had fully decayed in the vacuum. These slabs
were used as the samples for experiments on the Cambridge
Serial Total Energy Package (CASTEP) code™ for performing
the plane-wave density functional theory (DFT) calculations
using Perdew—Burke—Ernzerhof generalized gradient approx-
imation (GGA) for the exchange-correlation functional™ and
Vanderbilt pseudopotentials.* The plane-wave basis set of cut-
off energy 700 eV along with a Monkhorst—Pack*® mesh with
6 X 6 X 1 k-points (18 k-points in total) was used for
geometric optimization while a 12 X 12 X 1 k point grid was
employed for density of states calculation using the OptaDOS
code”” (using adaptive broadening of DOS peaks and a spacing
of 0.07 eV as optimized in refs 30, 36.). The BFGS algorithm
resulted in a geometry-optimized structure with tolerances of
0.05 eV/A and 2 X 107° eV per atom in ionic forces and total
energy, respectively.

In this work, all the adsorption energies were calculated with
respect to the clean unterminated diamond surface to enable a
comparison between the various terminations using the
equation.%'6

Y = (Ep — E, = (N, X Eio,n + Np X Eiso,B))/NT

where Er and E, represent the total energy of the terminated
surface and clean diamond surface, while N, and Ny are the
number of adsorbate atoms of elements A and B, respectively.
Ei,, a and E;, p are the energies of isolated adsorbate atoms of
element A and element B, respectively, and Ny is the total
number of adsorbate atoms. Er, E,, and E, are all negative;
hence, the exothermic adsorption energies are negative as a
convention in this work. The electron affinity (y) is calculated
using the equation:*’

y=1- Eg

I = (Vvac - Vav, slab) - (VVBM, bulk — av, bulk)Where Iis
ionization energy calculated by the method of Fall et al.** in
this work and Egis the experimental band gap value used (Eg =
5.47 eV) because of well-known underestimation of the band
gap of diamond by the GGA method.”® The energy difference
between the vacuum potential and the average potential in the
middle of the slab (bulk like) is represented by (V. —
V., sab), Which is obtained by performing the EP calculation on
the slab. (Vypy, buk — Vay, bulk) is the energy separation between
the average EP energy in the bulk and the bulk valence band
maximum, which can be obtained by performing a band
structure calculation of bulk diamond. In semiconductors, the
dopants and surface states alter the position of the Fermi level
away from the center of the band gap and hence make it
complex to compute the WF unlike the ionization energy (I),
which depends upon the surface states only.

The experiments with the Sn-terminated diamond preceded
by the validation calculations performed on the O- and H-
terminated diamond which were then compared to the already
available literature. Table 2 shows that the results from
previous experiments agree with the results from this
experiment.

Table 2. Electron Affinity (¥) and Adsorption Energy (E,)
for Various Diamond Surfaces”

sample source Eq4 (eV) x (eV)
clean C this work 0.73
previous 0.51-0.69,"° 0.62," 0.8,°
DET and 0.28%'
HTD this work —4.16 -1.9
previous —4.14,> — —1.95," =2, and —2.2%°
DET 4.54%
OTD this work —7.16 2.74
ether previous 82" and 2.61-2.7°* and 2.63"7
DFT -621"
OTD this work —6.78 3.73
ketone previous —7.88"7 and 3.75'7 and 3.64°*
DFT -5.77"

“Compared to the earlier studies as presented in the studies,**° the
values were found to be comparable.

B RESULTS AND DISCUSSION

Before performing calculations on the actual metal, that is, Sn
on diamond (100), the slabs were tested for convergence at
different cut-off energies and k-points. The structural
calculations were converged using a cut-off energy value of
700 eV, a Monkhorst—Pack grid of (6 X 6 X 1) k-points with a
geometry convergence criterion (tolerances) of 0.05 eV/A and
2 X 107° eV per atom in ionic forces and total energy,
respectively, a fixed unit cell and no restrictions on atomic
positions. The energy was seen to converge fairly with the
parameters used. The energy minimization through geometry
optimization and EP calculations were performed on bare, H-
terminated, and OTD (both ether and ketone) surfaces (Table
2), which agree with the already available reports on these
surfaces in the literature, hence demonstrating the viability of
these parameters used for the future calculations.

After optimizing and confirming the parameters, it was
deemed necessary to select the sites of adsorption for Sn atoms
on diamond (100) surface. Most of the studies have adopted
the traditional Levine structure to determine the high-
symmetry adsorption sites on the surface of Si and diamond.>
A few studies have chosen other sites as well.">'” This gave rise
to a curiosity to test many other possible sites along with the
abovementioned sites at various coverages of Sn on diamond
(100). Figure 1 shows the general structure of 2 X 1
reconstructed and unreconstructed diamond surfaces along
with the different sites for Sn adsorption.

Sn on Bare Diamond. As has been mentioned earlier, four
Sn atoms on top of the surface with four C atoms give one
FML adsorption. Hence, 0.25 ML would need one Sn atom
anywhere on the four sites shown in Figure 1. However, for
HML adsorption of Sn on diamond, two Sn atoms take up
different combination of sites which are mentioned in Table 3.
For one ML, there are only two most favorable ways (ether
and ketone) in which Sn atoms could be placed on top of the
diamond surface. Ether and ketone configurations in the case
of FML coverage refer to the position of Sn atoms in between
the surface C atoms and on top of surface C atoms,
respectively. The unreconstructed surface of diamond (100)
was found to be favorable for FML termination as it favors the
bonding between Sn and C atoms due to the similar valency of
the surface species. Any attempt to adsorb a FML of Sn in a
different configuration or on a reconstructed diamond
structure would output a HML-terminated diamond with
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Figure 1. (a) Plan view of the bare (2 X 1) reconstructed diamond
surface showing the potential high-symmetry adsorption sites for Sn
on the bare diamond surface. HH, HB, T3, and T4 refer to the
hexagon hole, hexagon bridge, third-tier carbon, and fourth-tier
carbon sites, respectively. Green balls represent carbon atoms while
orange balls represent tin atoms. (b) Unreconstructed diamond (100)
surface with Sn atoms in the ether configuration (bridge position). (c)
Unreconstructed diamond (100) surface with Sn atoms in the ketone
configuration (on top position).

two Sn atoms unbonded which, in our opinion, satisfies the
valency of both C and Sn atoms on the surface of diamond.

* Unreconstructed diamond structure.

Hence, it can be concluded through the information
presented in Table 3 that the most favorable adsorption site
in the case of 0.25 ML of Sn on diamond (100) is the T4 site
(Figure 2a) where the highest adsorption energy of —4.27 eV
with an NEA of —0.39 eV is obtained. For the HML case, the
most stable and favorable site for Sn atoms is T4T4 (Figure
2b) with an adsorption energy value of —4.4 eV and a NEA
value of —1.43 eV. As can be seen from Table 3, many other
adsorption sites relaxed to T4T4 which indicates, again, this
configuration to be the most stable and favorable one. Because
of the large size of Sn atoms and the heavy electron cloud,
there is a possibility of interatomic repulsion between Sn atoms
which makes it relatively unfavorable for Sn atoms to achieve a
full monolayer coverage on the diamond surface, hence giving

Table 3. Values of Electron Affinity, ¥, and Adsorption
Energy, E,4, Calculated for Various Positions and at
Different Surface Coverages of Sn on the Bare Diamond
(100) Surface

electron
coverage adsorption energy, E, affinity, y

(ML) input sites  output (eV)/adsorbate (eV)
0.25 HH HH —-3.45 —0.58
0.25 HB HB -3.8 —0.8
0.25 T3 T3 -3.8 —0.89
0.25 T4 T4 —4.27 -0.39
0.5 HHHH —4.2 -0.7§
0.5 HBHB —-3.75 -1.6
0.5 T3T3 -3.2 -1.0
0.5 T4T4 —4.4 -1.43
0.5 HHHB —4.29 -1.12
0.5 T3HB T4HB 4.3 -0.73
0.5 T3HH —4.1 —1.01
0.5 T4HB —-4.3 —0.66
0.5 T4HH T4HB —4.3 -0.73
0.5 T4T3 T4T4 —4.4 —1.43
1 ETHER” -19 -1.07
1 KETONE* —-2.14 -1.14

a very small value of adsorption energy for both ketone and
ether positions. All other attempts to terminate the diamond
surface with a full monolayer coverage in different config-
urations resulted in the output structure relaxing into the
HML-terminated one with two Sn atoms left unbonded.

Figure 3 shows the EP for the HML (0.5 ML) of Sn on bare
diamond (100), which shows the variation of EP along the
normal axis to the surface. The negative and positive sides of
the dipole can be visualized in the form of crests and trough
(or upswings and downswings by convention), respectively.
The negative side of the dipole is present toward (or on) the
surface carbon atoms while the positive side of the dipole exists
on Sn atoms. This dipole formation has been described as the
source of NEA on the surface of diamond.*

Mulliken bond population analysis is widely used to assess
the bond nature between any two species. A value of 0
indicates a perfectly ionic bond while an increasing value of
bond population indicates increasing levels of covalency. In our
case, the most stable HML adsorption exhibits the covalent
nature of the bond between the surface C atoms and the
adsorbed Sn atoms with a bond population value of 0.45. The
adsorption of Sn atoms leads to an increase in the C—C dimer
bond length from nearly 1.38 to 1.7 A, which is expected
because of the charge transfer between the C and Sn atoms
and shows the dipole formation between more electropositive
Sn atoms and the surface C atoms (C™—Sn"), also revealed by
the Mulliken charge analysis, which shows that Sn gains a
positive charge of 0.37¢ and 0.57¢, while the C atoms gain a
charge of —0.20e again confirming the charge transfer between
the surface species. In the case of HML and FML adsorption, a
similar trend can be seen which indicates preferential covalent
nature of Sn to surface C bonds.

Sn on OTD. To achieve a full coverage of oxygen on the
surface of diamond, eight oxygen atoms terminated both
surfaces of diamond slab in ether and ketone configurations.
Although it has been established widely using experimental and
theoretical models that the ether configuration is the most
stable one,”” there are a few reports which mention the ketone
configuration as the most favorable termination of diamond.*
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Figure 2. Most stable (a) QML and (b) HML of Sn on diamond (100). Note that the reconstruction of the diamond surface has occurred because
of Sn adsorption. Green balls represent carbon atoms while orange balls represent tin atoms.

EP (eV)

Figure 3. EP for the most stable configuration, i.e, HML of Sn on
bare diamond (100). The EP is atom-centric like H termination
instead of bond-centric as seen in the case of metal oxide (LiO)
terminations of diamond. Here, brown balls represent carbon atoms
and gray balls represent tin atoms.

In our study, the ether configuration of oxygen termination
came out to be the most stable one. However, when it comes
to metal oxide termination of diamond, it has been found that
metals can easily break the ketone bonds between surface
carbon and oxygen atoms to form metal oxide on the surface of
diamond with surface C atoms dimerizing to reconstruct the
diamond surface.®® Thus, to establish which configuration of
oxygen termination favors Sn deposition on the surface of
diamond, both ether- and ketone-terminated surfaces were
constructed and tested. Sn coverage varies in a similar manner
as in the case of the bare diamond surface, that is, 0.25 ML or
QML is represented by one Sn atom on each surface, while 0.5
ML or HML by two Sn atoms and one ML or FML by four Sn
atoms on each surface of diamond (100). Figure 4 shows the
ether and ketone clean unterminated diamond surfaces. The
Sn atoms were placed on top of both the surfaces in different

a) b)
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Figure 4. Clean diamond surfaces terminated with oxygen in (a) ether
(bridge between two C atoms) and (b) ketone (on top of each C
atom) configurations. Brown balls represent carbon atoms while red
balls represent oxygen atoms.

configurations and coverages which can be shown in Tables 4
and 5. Here ether and ketone with regard to Sn mean the
bridge site (between two O atoms) and on top (of O atoms)
site, respectively.

The ether bond being stronger and hence resilient to break
with Sn adsorption yields lesser values of adsorption energy. A
QML of Sn on the ether-terminated diamond (Figure Sa) is
favored, which implies lesser chance for two Sn atoms to break
the ether bonds probably because of interatomic repulsion
between the Sn atoms which lessens the chance for them to
interact with the surface oxygen atoms which is not the case for
a lone Sn atom. An FML of Sn on ether resulted in Sn atoms
unbonded and going away from the surface, hence no
adsorption because of the same reasons.

It seems from the tables above that the most preferential
configuration for Sn atoms on diamond (100) is QML (0.25

https://doi.org/10.1021/acs.jpcc.1c05973
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Table 4. Values of Electron Affinity, ¥, and Adsorption
Energy, E,4, Calculated for Various Positions and at
Different Surface Coverages of Sn on the OTD (100)
Surface in the Ether Configuration

ether adsorption energy, electron
oxygen coverage Sn E, (eV) per affinity,
terminated (ML) configuration adsorbate (eV)
0.25 in between =59 —0.86
four O
atoms
0.5 ether -5.6 2.31
0.5 ketone -5.27 -1.37
1 ether —4.6 1.88

Table 5. Values of Electron Affinity, ¥, and Adsorption
Energy, E,4, Calculated for Various Positions and at
Different Surface Coverages of Sn on the OTD (100)
Surface in the Ketone Configuration

ketone adsorption energy, electron
oxygen Sn E, (eV) per affinity, y
terminated  coverage configuration adsorbate (eV)
0.25 in between —6.45 0.40
four O
atoms
0.5 ether -5.8 -2
0.5 ketone —6.03 -1.37
1 ether —4.5 0.28

ML) of Sn atoms on top of the ketone-terminated oxygen
atoms (can be seen in Figure Sb) which makes sense as it is
expected that breaking a ketone bond would be easier for an Sn
atom to bond with surface O than a more stable ether bond.
However, this leads to a PEA value of 0.40 eV. It is the trend in
the NEA that is important here not the absolute value as GGA
is known to produce wrong estimates of electron affinity.
Because the value of 0.40 is very small (very close to the
negative scale), and it has been experimentally seen that the
sub-ML Sn adsorption leads to NEA on the surface of diamond
(100)'® along with the fact that all other adsorption
configurations (in the above Tables 4 and S) result in NEA,
hence it could be said that Sn leads to NEA on the surface of
diamond (100) in most of the stable configurations. It can be
concluded that Sn prefers ketone-terminated oxygen on the
surface of diamond than the ether-terminated one as can be
seen from the larger adsorption energy values in the tables.
HML coverage of Sn is the coverage of interest as nearly all the
experiments investigating the surface properties of Sn-
terminated diamond would yield genuine insights into this
field of study when the metal/metal oxide layer is under one
ML, especially when the advanced spectroscopic techniques
are used. HML coverage of Sn on the ketone-terminated
diamond (can be seen in Figure Sc) also results in a large
adsorption energy value of 6.03 eV with a large NEA value of
—1.37 eV, which is an important and a hopeful outcome that
sets a base for the future theoretical and experimental
investigation into this topic.

The NEA values (more exactly trends) for Sn on bare and
OTD (100) surfaces are comparable to the ones obtained for
the hydrogen-terminated diamond and Li/LiO-terminated
diamond (100) with larger adsorption energies implying
stronger bonding between the surface species. An FML of Sn
on ketone OTD resulted in Sn atoms unbonded and going
away from the surface, hence no adsorption, similar to the
ether OTD case.

To gain a further insight into the nature of the dipole at the
surface, EP was generated for the most stable ketone-
terminated diamond surface as shown in Figure 6.

Figure 6 shows the EP along the normal to the surface of
diamond (100). There is a complex interaction at the surface
as compared to the bare surface. The downswing (trough)
depicts the positive side of the surface dipole which is centered
on the Sn atom as expected and seen in the Mulliken charge
analysis too (discussed below). Since O atoms are more
electronegative than both C and Sn, they attract the charge
density toward itself resulting in the centering of the negative
side of the surface dipole between the C—O and O—Sn bonds
in the form of §,” and §," (where it seems that §,” > §,%),
respectively. This results in the net negative charge
accumulation near the surface carbon atoms, giving rise to
NEA on the surface of diamond.

The Mulliken bond population value of 0.04 indicates the
ionic nature of the bond between surface-bonded O atoms and
Sn atoms in the case of ether-terminated diamond with QML
coverage along with an increase in the covalency (from 0.4S up
to 0.74) of the bond between surface C and O atoms because
of Sn adsorption. Mulliken charge analysis on the most stable
configurations of Sn on OTD reveals the formation of a CO™—
Sn* dipole with Sn attaining a positive charge of 1.22¢, O
attaining a negative charge of —0.47¢, and C attaining a
positive charge of 0.45e. The bond length is further reduced
between C and O atoms because of Sn adsorption which again
indicates the increase in the covalency of the bond between the
surface C and O and hence stronger bonding, in the case of
ether-terminated diamond. However, in the case of ketone-
terminated diamond the covalency between C and O atoms
reduces considerably because of Sn adsorption. The bond
length between C and O atoms increases which shows more
tendency toward a single bonded character which is expected
as Sn atoms would break the double bond (7 bond) between C
and O atoms. A similar trend can be seen in the case of the
most stable HML coverage on the ketone-terminated diamond
surface.

Projected Density of States (PDOS) Calculation.
PDOS calculations are performed using the OptaDOS
code™ in CASTEP to show the density of electronic states
for individual atoms in the optimized structure. The adsorption
of Sn on the bare and oxygenated diamond (100) results in a
significant decrease in the WF, as has been seen experimentally
also, and NEA which occurs because of a shift in the electron
density between the surface atoms.'® In the case of Sn
adsorption on the bare diamond surface, a simple explanation
of a surface dipole, as mentioned in the earlier sections, can
explain the mechanism of this shift, however, as has been seen
in the case of OTD, any explanation to this phenomenon
demands a further support. Here, PDOS calculations before
and after the Sn adsorption on the OTD will help us to
understand further the distribution of electron density at the
surface which accounts for the shift in the WF of the diamond
surface.

Figure 7a shows the PDOS structure for the bulk and surface
carbon atoms in the bare diamond (100), taken from the
center of the diamond slab and from the dimer row,
respectively. Because of the sp3 bonds being distributed across
the diamond lattice, there are indistinct, broader, and less
intense peaks features present across the spectra especially
toward the higher energy region. There are states within the
band gap region of the diamond which originate from 7 and 7*
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Figure S. Geometry-optimized most stable output structures showing (a) QML (1 atom) Sn on the oxygen (ether) terminated diamond; no
surface reconstruction has occurred because of Sn adsorption. (b) QML adsorption where one Sn is shared by four O (ketone) atoms (4
coordination) hence resulted in reconstruction (or C—C bond) on the surface. (c) HML adsorption, where each Sn atom is shared by two O
(ketone) atoms (2 coordination), hence resulted in reconstruction (or C—C bond) on the surface. Green balls represent carbon atoms while red
balls and orange balls represent oxygen and tin atoms, respectively. Adopted with modification from ref 18.

bonds of the surface carbon dimer rows. Figure 7b shows the
PDOS spectra for the most stable QML of Sn adsorbed on the
bare diamond (100) surface. The existence of a large peak
which can be deconvoluted into a multiple-peak structure can
be seen within the 20 to 25 eV region, indicating the tin-oxide
structure on the surface of diamond. This feature can be a
distinguishing factor between tin monoxide and tin dioxide as
has been mentioned in the Methods section. This feature is
analogous to that of Sn 4d peak structure seen in X-ray
photoelectron spectroscopy spectra or the valence band
structure of SnO on diamond.'® There are states still present
within the band gap of diamond, and a match between the
surface C states and Sn states indicates that a covalent bonding
between the two surface species is clearly visible. Figure 7c

25171

shows the typical PDOS structure for ketone-terminated
diamond, which shows the density of states for bulk carbon,
surface carbon, and oxygen atoms in the ketone configuration.
Again, because of the sp® bonds being distributed across the
diamond lattice, there are indistinct, broader, and less intense
peak features between 5 and 15 eV corresponding to the sp*
bonds than more localized features between —8 and 0 eV
corresponding to sp” bonds. At higher energies, the PDOS
presents similar distinct and sharp peaks for both surface C and
O atoms at —6 and 24 eV, indicating the strong covalent
bonding (sp* bonding character) between these species. In
addition to these states, the surface oxygens have three sharp
nonbonding peaks within the band gap at around —0.5, -2,
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EP (eV)

Figure 6. EP for the most stable configuration, that is, HML of Sn
(ketone or on top) on oxygen (ketone)-terminated diamond (100).
The large surface dipole apparent in the potential is projected onto
the structure. It shows that the dipole is bond-centric as has been
found in the case of LiO-terminated diamond® rather than atom-
centric unlike H-terminated diamond. Here in this figure, brown balls
represent carbon atoms while red balls and purple balls represent
oxygen and tin atoms, respectively.

and —3.5 eV corresponding to the lone-pair electrons on the
oxygens.

The adsorption of a HML of Sn on the ketone-terminated
diamond surface results in a significant change in the density of
states of the surface species, as can be seen in Figure 7d. The
three sharp lone-pair oxygen levels have been substantially

downshifted in energy and seem to overlap with the bulk levels,
indicating charge transfer from Sn to the other surface species
(—0O—C) as discussed in EP analysis too. There is obvious
evidence of match in PDOS spectra between surface C and O
at many energy points which indicates strong covalent bonding
between the species before Sn adsorption which seems to go
away with Sn adsorption considerably indicating the breakage
of the strong double bond between the surface C and O and
formation of an O—Sn single bond as can be seen in an
excellent match between all three surface species between — 20
and — 26 eV. This also shows the charge redistribution
between the surface species that leads to the lowering of WF
and NEA.

B CONCLUSIONS

This work describes the surface and electronic structure of
diamond (100) when Sn is adsorbed on bare and oxygen-
terminated diamond in various coverages and configurations,
which could serve as a foundation for any future theoretical
and experimental investigation into Sn surface-doped diamond
or Sn surface-terminated diamond for any application that
demands lower WF thin films or diamond-based samples with
NEA. DFT calculations were performed to determine the most
stable position and coverage of Sn on bare and oxygen-
terminated diamond (100). It was seen that most of the sites
(whether on bare or OT diamond) exhibited NEA with large
adsorption energies. There is a predominant covalent nature
between Sn and surface C/surface O atoms, hence stronger
bonding. A QML of Sn on bare diamond resulted in NEA with
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Figure 7. (a) PDOS for bulk C and surface C prior to Sn adsorption. (b) PDOS for the same layers after QML of Sn adsorption (shifted vertically
for clarity). (c) PDOS for bulk C, surface C, and surface O (ketone) prior to Sn adsorption. (d) PDOS for the same layers after QML of Sn
adsorption (shifted vertically for clarity). All energies are relative to the Fermi level at 0 eV.
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a large adsorption energy while a HML of Sn on OTD has
resulted in much larger NEA and adsorption energy, which is
expected because oxygen inclusion increases the sticking
coefficient and hence bond strength between the atoms. It
was determined from the EP and the PDOS calculations that
due to a shift in the electron density toward the more
electronegative species or in other words due to the
phenomenon of charge redistribution because of Sn
adsorption, there is an accumulation of negative charge on
or near the surface carbon atoms which results in NEA and a
lower WF at the surface of diamond (100).
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