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A B S T R A C T   

Wideband gap diamond-based materials are attracting huge interest for energy harvesting and quantum appli-
cations. We have used density functional theory code (DFT) to explore tin (Sn) as a potential negative electron 
affinity (NEA) imparting termination on the oxygen terminated diamond (OTD) surface. Large adsorption en-
ergies (~− 6 eV) were obtained for half monolayer of Sn atoms on oxygen (O) terminated diamond surface with 
an NEA of up to − 1.37 eV. We are also demonstrating experimentally, the formation of SnO nano cluster layer on 
the surface of diamond which resulted in NEA and reduction in the work function (WF) by 1.8 eV. The SnO 
termination, clearly distinguishable from more stable and widely known SnO2, was found to be stable in ambient 
conditions, a crucial point for device application. A comparison of lithium (Li) and Li/Sn oxide terminations of 
single crystal diamond (100) is presented in terms of the stability of the surface layer and the electronic 
properties thus induced, using the photoemission spectroscopic techniques. The intercalation of Li into SnO 
planes results in the increased stability of LiO on the surface of diamond and WF reduction by 2.3 eV which paves 
way for a more efficient termination on the diamond surface.   

1. Introduction 

Diamond is used in thermionic emission and field emission devices 
among others in electron sources, energy harvesting devices and radi-
ation converters etc. [1–3]. Diamond can pave a novel way in energy 
sector in the form of renewal of renewable energy sources. One of the 
most interesting properties of diamond is the negative electron affinity 
(NEA) which means that the vacuum level lies below the conduction 
band, which makes diamond an efficient source of electrons [4–9]. The 
NEA can appear when the surface carbon atoms are negatively charged 
which has been achieved by terminating the diamond surface suitably. 
Hydrogen termination has been demonstrated to impart a NEA value of 
− 1.3 eV measured experimentally to the diamond surface [8,10,11]. 
However, besides being widely studied, hydrogen terminated diamond 
surface suffers from the problem of instability due to hydrogen 
desorption at higher temperatures [11]. When either H desorbs or is 
replaced by O, the NEA character is lost. Another problem with 

hydrogen terminated surfaces is water adsorption on H-terminated 
surfaces which leads to charge transfer and hence upward band bending 
[12,13] which again causes loss of NEA. As an alternative, a monolayer 
or sub monolayer coverage of some of the electropositive group I and II 
metals [14–17] and first row transition metals (TMs) [18–22] on the 
bare and oxygen terminated diamond surface have been found to be a 
suitable candidate for diamond surface termination. Transition metals 
like Cu, Ti, Ni and Co metals have been found theoretically to impart 
NEA to the diamond surface however their ability to do so depends upon 
their capacity to form a carbide on the diamond surface in which only Ti 
and V have been able to show higher NEA value than others [23,24]. 
Most of these metals, however, do not form a stable monovalent bond 
with carbon which was solved by using an oxygen terminated diamond 
(OTD) surface instead of a bare diamond surface. The key here is to 
induce stronger bonding between the metal layer and the underlying 
diamond surface and hence a large surface dipole. Alkali metals like Na, 
K and Li have been explored as potential terminations on diamond 
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surfaces. Petrick and Bennedorf found a much higher sticking coefficient 
and hence a prospect of stronger bonding of K on oxygen terminated 
diamond than on hydrogen terminated diamond [25]. In other words 
metal oxygen and carbon oxygen bonds have been found to be stronger 
and highly stable than metal carbon bonds [26,27]. James [28] has 
theoretically demonstrated Al termination of 1 ML on the surface of 
diamond with an adsorption energy (Ea) value of − 4.11 eV and NEA of 
–1.47 eV. A larger value of adsorption energy (Ea), − 5.24 eV with an 
NEA of –1.36 eV, was obtained with Al termination of 0.25 ML on the 
OTD. Cs-O terminated diamond surface has been found to possess a very 
low WF of ~1.5 eV but despite this it is highly unstable due to the loss of 
Cs above 400 ◦C [14]. Stable low WF surfaces in thermionic emission 
devices are required to work at higher temperatures. O’Donnell [29] 
have been able to demonstrate air stable lithium (Li)-O terminated NEA 
diamond surface successfully with controlled atomic layer coverage and 
stability at 800 ◦C. However, we have found in our study that Li desorbs 
at 800 ◦C along with most of the oxygen from the diamond surface, 
which leads us to develop a method to increase the stability of Li on the 
surface of diamond. Such method is to explore a suitable metallic 
termination on the diamond surfaces which can render Li adsorption on 
the surface of diamond more stable at higher temperatures and help in 
decreasing the WF further for thermionic emission. 

Recently, the formation of Si and Ge terminated diamond surfaces 
have also been investigated. Schenk [30,31] has demonstrated the Si 
terminated diamond (100) surface with a two domain 3 × 1 recon-
struction. This has resulted in an NEA of 0.86 ± 0.1 eV. However, Si 
terminated diamond is unsuitable for the ambient environment due to 
its high reactivity and any application in the atmospheric environment 
would need a protective SiO2 coating on the top. A similar structure has 
been obtained with Ge terminated diamond with a maximum coverage 
of 0.63 ML which has resulted in an NEA of 0.71 eV as shown by Sear 
[32]. A novel termination that we explore in this paper is tin (Sn), a same 
group element with C, Si and Ge, that has been ignored as a potential 
candidate for the studies on metal and metal oxide termination on the 
diamond surface. As a known fact tin monoxide (SnO) is a capable and 
promising p-type semiconductor with an experimental, small indirect 
bandgap of 0.7 eV [33] and a direct energy gap that ranges from 2.5 to 3 
eV [34], Sn is abundantly available with non-toxic nature. Sn vacancy 
has been found to be the main source of p-type nature of SnO which can 
be altered by proper doping. On top of that Sn, alloyed with alkali metals 
(Li, Na, etc.) in a specific stoichiometric ratio has been found to possess 
ultra-low work function (WF) in bulk form e.g. a stoichiometric alloy of 
Sn2Li5 has been found to possess a WF of 1.25 eV [35]. 

Oxide-based 2D materials have been found to be dynamically stable 
and less susceptible to degradation in air [36,37]. Li intercalation into 
tin oxide (SnOx) as an active electrode material for metal ion batteries 
has been widely studied in theory and experiment [38–40]. It has been 
found that lithiation of pristine SnO layers results in the formation of 
stable layered LixO structure. The expelled Sn atoms form atomic planes 
to separate the LixO layers [41]. The formation of such stable structures 
on the surface of diamond and the interaction of SnOx with the diamond 
surface carbon atoms would be an interesting area to investigate with 
the purpose to demonstrate a highly stable and high temperature 
resistant, NEA imparting termination on the surface of diamond. 

In this paper, we are exploring the possibility of Sn as a stable and 
efficient NEA imparting termination on the surface of oxygen terminated 
diamond (100) using the density functional theory (DFT) code. We are 
also demonstrating the formation of stable SnO on the surface of dia-
mond (100) surface, reliably, by Physical Vapour Deposition (PVD) 
technique, shedding light on heavy metal oxide terminations and their 
effect on electron affinity. Reliably, forming a stable layer of SnO and 
discerning it from the SnO2 (a widely studied and more stable form of tin 
oxide) has been deemed as one of the unfulfilled goals in this aspect of 
material research as the surety of obtaining a phase pure SnO has been 
lacking due to non-availability of a reference. Using the same technique, 
the Li is deposited and its interaction with SnO is investigated. Through 

a range of surface science techniques, we have characterised the for-
mation of SnO and SnOx/Li2O termination on the surface of diamond. 
We show that Li2O termination, which has been found to impart NEA, is 
less stable that SnOx/Li2O terminated diamond at high temperatures. 
The electron yield, though in the case of Li–O is higher than SnOx/Li2O 
terminated diamond, decreases more rapidly in Li–O with the high 
annealing temperature. These positive points beckon towards the 
increased stability of SnOx/Li2O terminated diamond and drive the in-
terest in this exploration. 

2. Methods 

2.1. Density functional theory modelling 

DFT Modelling was done using the Perdew–Burke–Ernzerhof (PBE) 
approximation[42] to study various configurations of Sn on oxygen 
terminated diamond (100) with the Cambridge Serial Total Energy 
Package (CASTEP)[43]. The electron density was constructed using a 
plane wave basis set with a cut off energy of 700 eV [44]. A symmetrical 
12-carbon layer diamond slab with a 2 × 2 supercell yielding 4C atoms 
on the surface, enabled us to vary the coverage of Sn from quarter (QML 
= 1 Sn atom), to half (HML = 2 Sn atoms) to full monolayer (FML = 4 Sn 
atoms). For (100) surface, a supercell of dimensions 5.016 Å × 5.016 Å 
× 35.7 Å was used and a Monkhorst and Pack (MP) grid of 6 × 6 × 1 k- 
points was observed to be sufficient to sample the Brillouin zone for 
energy minimisation steps [45]. The calculations were performed as 
described by James [28]. 

2.2. Diamond preparation 

High Pressure High Temperature (HPHT) boron doped single crystal 
diamonds (purchased from Element Six (145-500-0248 and MM 111/ 
4010) with a boron doped layer on top was used in this experiment. 
Boron doped layer was grown in hot filament chemical vapor deposition 
reactor using a gas mixture comprising H2, CH4 (both Air Liquide, Ltd) at 
a flow rate of 200 and 2 standard cubic centimetres per minute (sccm), 
respectively, i.e. 1% CH4 in H2 and 5% B2H6 in H2 (BOC Group, plc) with 
a flow rate of 0.1 sccm for epitaxial B-doped layers on single crystal 
diamond. The treatment was carried out for 60 min at a pressure of 20 
Torr and a temperature of ~2300 K which enables a deposition of a good 
quality diamond thin film at a growth rate of ~0.5 μm h− 1. BDD over-
layers grown in the same reactor under the same conditions has previ-
ously been shown to contain a boron concentration of up to ~1020 cm− 3, 
measured from a depth profile using secondary ion mass spectroscopy 
[46]. The cleaning of the sample surface along with hydrogen termi-
nation was done by microwave plasma method using a pure hydrogen 
plasma at 900 ◦C for 2 min, followed by another 2 min at 500 ◦C as 
described in [8]. The samples were treated with ozone for 30 min to 
render it O-terminated which was later made evident by XPS analysis. 

2.3. Ultra-high vacuum techniques 

The film deposition and analysis of the sample were carried out 
completely under Ultra-high Vacuum (UHV) conditions in inter-
connected chambers. 

Before starting any analysis or deposition, samples were cleaned by 
annealing the sample at a temperature of 300 ◦C for 60 min under UHV 
conditions to remove water and adventurous carbon contamination 
[47]. 

2.4. Thin film deposition 

Sn metal deposition was achieved by e-beam deposition. Tin gran-
ules were evaporated from a molybdenum crucible. The thickness cali-
bration was optimized by a quartz micro-balance. 0.8 ML of tin was 
deposited at a temperature (substrate) of 327 ◦C on the surface of 

S. Ullah et al.                                                                                                                                                                                                                                    



Applied Surface Science 559 (2021) 149962

3

diamond (100). 
Li deposition was achieved using a thermal evaporator which con-

sisted of a boron-nitride crucible resistively heated by a tungsten fila-
ment. A thermocouple was present in the evaporator to monitor crucible 
temperature. The crucible deposition temperature was set to 410 ◦C. 

Molecular oxygen dosing was performed at an oxygen pressure of 
1.5 × 10− 6 mbar. Atomic oxygen dosing was achieved by dosing O2 
trough a gas cracker at 1.5 × 10− 6 mbar. 

2.5. Analysis methods 

A series of surface analysis was performed at each step of the sample 
preparation, i.e. X-ray photoelectron spectroscopy (XPS), Spot profile 
analysis – Low energy electron diffraction SPA-LEED, Ultra violet 
photoelectron spectroscopy (UPS), Work Function (WF) maps, Angle 
resolved photoemission spectroscopy (ARPES). 

XPS was carried out using a monochromatic Al Kα source (1486.7 eV) 
and the electron analyser at 45◦ to the sample normal. 

SPA-LEED was used with electrons at 100 eV to investigate the sur-
face roughness and reconstructions. 

UPS and full wave vector ARPES were carried out using mono-
chromatized He I and He II sources with energy of 21.2 eV and 40.8 eV, 
respectively. WF mapping was done using a non-monochromatic mer-
cury (Hg) lamp source of ≈5.2 eV. WF maps of the samples were 
generated from fitting EF-PEEM images close to the WF cut-off edge, 
using a pixel-by-pixel sigmoid fit. The lateral resolution of the WF map 
was less than 150 nm. 

3. Results and discussion 

The results from the DFT calculations are presented here to support 
the XPS and WF data on SnO terminated diamond. We also present here 
the XPS and UPS data for Li–O-terminated diamond and compare it 
with SnO-terminated and SnOx/Li2O-terminated Diamond surface. The 
differently terminated surfaces will present different photoemission 
properties with Li–O-terminated diamond already known to possess 
NEA [29,48] while SnO terminated diamond and SnOx/Li2O terminated 
diamond will be a new exploration. 

3.1. LiOx-terminated diamond 

Li was deposited on oxygen terminated single crystal diamond (B- 
doped C(100)-(1 × 1):O) [49] in different conditions, at room tem-
perature and subsequently annealed at 500 and 800 ◦C. Quantitative 
XPS information shown in Table 1 shows that the Area % of Li was 
reduced by the 60 min 500 ◦C annealing, and completely removed by a 
15 min 800 ◦C anneal. Oxygen was also largely removed at 800 ◦C, 
indicating that the carbon–oxygen bonds were broken rather than the 

Li–O bonding due to a small amount of oxygen remaining with no 
detectable Li remaining. 

To understand the process of O–Li adsorption and removal with 
annealing temperature on the surface of diamond, component analysis 
of the oxygen peak is shown in Fig. S1. A component at low binding 
energy is linked to the O–Li peak in Fig. S1b. The component became 
the most relevant after annealing at 500 ◦C implying that the lithium is 
distributed on the surface, however SPA-LEED acquisition (Fig. S3) 
shows no new visible reconstruction other than the same B-doped C 
(100)-(1 × 1):O, which could mean a (1 × 1) reconstruction or amor-
phous layer on the surface which is counter-intuitive as Li has been 
found to form (2 × 1) reconstruction on the surface of Diamond (100) 
[48,29]. 

With 500 ◦C annealing the component peaks shift towards the higher 
binding energies with a large apparent O–Li component at 530.9 eV 
[50] while Li is at 56 eV [51]. During the annealing, heating evolves 
‘bulk’ lithium with a different bond energy to Li–O, perhaps 
approaching a sub-monolayer, evidence of which can be seen in the 
reduction of Li peak intensity and area in Fig. S1e. 

3.2. SnO terminated surface 

In order to analyse the SnOx/Li2O terminated diamond structure, 
first we analyse the formation of SnO on the surface of diamond. DFT 
calculations revealed the suitable configurations of Sn on OTD. It was 
seen that Sn produces NEA on the surface of OTD (100) in nearly all 
configurations. Larger adsorption energies were obtained at QML (0.25 
ML) and HML (0.5 ML) of Sn on oxygen terminated diamond (both ether 
and ketone of oxygen termination were considered). Sn was seen to 
prefer a position on top of oxygen rather than in between the two oxygen 
atoms. A very low adsorption energy was obtained with the FML (1 ML) 
of Sn on diamond which could be because of the large size of Sn atoms 
and increased electrostatic repulsion between them, hence no bonding 
occurring between the Sn atoms and the surface C atoms of diamond. 
The two most stable configurations of Sn in QML and HML configuration 
can be seen in Fig. 1. An NEA of − 1.37 eV was obtained with an Ea of 
− 6.03 eV at HML of Sn on top of carbonyl oxygen atoms while an 
electron affinity (EA) of 0.16 eV with an Ea of − 6.45 eV was obtained for 
QML of Sn in the same configuration. However, for a QML of Sn i.e., 1 Sn 
atom, on top of OTD (ether terminated), an NEA value of − 0.86 eV was 
obtained with an Ea of − 5.9 eV. 

3.3. Deposition of Sn on OTD 

Sn was deposited at a temperature of 327 ◦C on the surface of OTD 
(100) which is slightly higher than the melting point of Sn. A quartz 
microbalance was used to optimise the sub monolayer deposition of Sn 
on the surface of B-doped C(100)-(1 × 1):O. 

Initially after the deposition, a metallic peak of Sn was observed at a 
lower binding energy of 484.9 eV [52] along with an oxide peak at a 
higher binding energy of 485.5 eV[53]. The presence of the two peaks 
implies partial oxidation of thin sub monolayer Sn film or clusters to 
form SnO nanocluster (oxides) on the surface of diamond (100) as Sn 
has been shown to form nano-oxides on the surface of other substrates e. 
g. Pt [54] in different patterns. The ideal case in our study would be to 
form a continuous layer of SnO on the surface of diamond. 

The sample was initially annealed at 600 ◦C for 60 min without any 
significant change in the film. Atomic oxygen exposure was found to be 
the most effective method in our experiments to transform metallic Sn 
into SnO than the molecular oxygen exposure. The sample was exposed 
to the atomic oxygen (oxygen cracking) for 70 min at a pressure of 
~10− 6 mbar at the room temperature (RT) and then annealed at 500 ◦C 
for 60 min again. As can be seen in Fig. 2, the presence of an O 1 s 
component at lower binding energy along with the Sn 3d oxide peak 
confirms the controlled formation of SnO termination on the surface of 
diamond, while another oxygen vacancy peak at slightly higher binding 

Table 1 
Quantitative XPS survey peak information showing that the amount of Li is 
reduced by the 500 ◦C anneal and removed by the 800 ◦C anneal.  

Sample Peak Area % 

Pre Li O 1s 6.4  
C 1s 93.6  
Li 1s –  

Li Deposited O 1s 8.67  
C 1s 80.35  
Li 1s 10.98  

500 ◦C Anneal O 1s 5.26  
C 1s 87.88  
Li 1s 6.68  

800 ◦C Anneal O 1s 0.51  
C 1s 99.49  
Li 1s –  

S. Ullah et al.                                                                                                                                                                                                                                    



Applied Surface Science 559 (2021) 149962

4

energy has been reported by Park et al. [55]. We believe that we have 
been able to form SnO rather than SnO2 on the diamond (100) due to 
the presence of Sn4d spin orbit doublet and the fact that any further 
process (Li deposition and annealing in our case) results in the Sn4d spin 
orbit doublet retaining its shape for SnO adsorbed layers as can be seen 
in Fig. S6, while as it transforms into a 4 peak structure for SnO2 [56]. 
These results could serve as a reliable reference for SnO which has been 
lacking ever since. Molecular oxygen was used to oxidise the sample 
along with annealing at a temperature of 600 ◦C for 60 min, however it 
did not show any significant change. This finding indicates that atmo-
spheric conditions probably will not have a significant effect on the SnO 
termination on the surface of diamond which indicates increased sta-
bility of the termination in the ambient conditions. Stability is a 
necessary condition for application in device fabrication outside the 
UHV environment. 

The SPA-LEED data (Fig. S4) proves that the (1 × 1) reconstruction of 
the diamond (100) is retained throughout the process. No other visible 

reconstructions are found. The width and profile of the LEED spots in 
Fig. S4, shows the broadening of the LEED spots after the SnO formation 
on the surface of B-doped C(100)-(1 × 1):O diamond. This, in our 
opinion, confirms the claim that SnO deposits as nanoclusters that just 
broaden the diamond (100) LEED integral spots. The spa-LEED data is 
reinforced by the geometry optimised structures obtained in case of both 
QML and HML of Sn on OTD in different configurations. The recon-
struction of the diamond (100) surface or in other words C–C bonding 
was seen only in a few configurations e.g., in Fig. 1(b) where a carbonyl 
or ketone bond exists between surface C and O. Sn bonds with the sur-
face O, resulting in the breaking of ketonic or carbonyl bond between 
surface C and O and formation of C–C bond and hence a 2 × 1 recon-
struction. In all the situation where surface O was bonded in ether 
configuration to surface C, no reconstruction was seen. No reconstruc-
tion was seen due to Sn–Sn bonding in case of HML coverage either 
which could be attributed to the relatively bigger size of Sn and hence a 
repulsion as mentioned before. 

Fig. 1. Geometry optimised output 
structures showing (a) QML (1 atom) of 
Sn on the oxygen (ether) terminated 
diamond which has resulted in no sur-
face reconstruction. (b) QML (1 atom) 
Sn on the oxygen (ketone/carbonyl) 
terminated diamond; the breaking of 
ketone bond has resulted in the surface 
reconstruction between the C atoms. (c) 
HML where 1 Sn is in between the two O 
(ketone) atoms hence resulted in recon-
struction (or C–C bond) on the surface 
whereas the other Sn atom in on top of 
another O atom. All of these configura-
tion show NEA with a large Ea.   

Fig. 2. XPS of the sample at each process step showing (a) Transition of Sn from metallic and oxide combination to pure oxide phase using oxygen cracking and 
annealing. (b) Change in Oxygen peaks during the process. We have a peak for metal oxide (SnO) and an oxygen vacancy peak at 530.5 eV and 531.3 eV[55]. 
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In order to gain a firm understanding of the surface structure and 
bonding, the difference in the electrostatic potential between OTD and 
Sn-OTD surfaces in different configurations (i.e., ether and carbonyl) 
were investigated using DFT calculations. Fig. 3(a) and (b) shows the 
electrostatic potential at the surface of ether terminated diamond and 
when QML of Sn is added to it, respectively. A potential difference of 1.4 
eV was obtained in this case which corresponds to the binding energy 
shift (ΔB.E.) of 1.07 eV in the surface C1s obtained experimentally 
(Fig. 3(c)). This along with the Spa-LEED analysis makes us believe that 
Sn atoms have assumed a QML or HML coverage on the ether terminated 
diamond. This might also indicate that Sn bonds weakly to the OTD 
surface, as has been seen in case of Al also [28], as ether configuration 
has slightly lower adsorption energy than ketone/carbonyl one. The 
bond length didn’t vary much between different configurations. C–O 
Mulliken bond populations between 0.64 and 0.77 were obtained which 
is significantly implies a single bond. Moreover, Mulliken charges on Sn 
and O atoms indicate ionic bonds between the surface species (Sn and 
ether oxygen). As we move from QML to HML, the nature of the bond 
changes from ionic to a covalent one and hence more NEA, which 
generally happens with increasing the coverage of metal atoms on the 
diamond surface. HML, in our case, has been seen to give the maximum 
NEA and the largest adsorption energy. 

3.4. Lithium deposition on SnO terminated diamond 

Lithium was deposited at room temperature on the SnO terminated 
diamond. The lithiation of pristine SnO layers, as observed by Pedersen 
[41] in a theoretical study, results in the formation of stable layered LixO 

structure and the expelled tin atoms form atomic planes to separate the 
LixO layers [41]. 

We have found that as soon as the lithium deposits on the SnO 
terminated surface of diamond, the reduction of SnO occurs in which Li 
draws the oxygen atoms from SnO and results in expelled Sn atoms and 
can be seen in the form of metallic peaks in Fig. 4(a) and (b), which 
confirms the theoretical predictions made by Pedersen [41]. Table 2 
sums up the key results of stoichiometry of the key elements involved in 
the experiments calculated from the relative peak areas which shows the 
formation of SnO initially on the diamond surface and then Li2O/SnOx 
on the surface of diamond after lithium deposition and annealing. Tin 
oxide in the last stage includes a defective oxygen stoichiometry likely 
due to the oxygen deprivation as a result of lithium inclusion which is 
also seen in Fig. S6. 

The formation of the Li2O/SnOx junction was facilitated by annealing 
the sample at 500 ◦C. The Li2O oxide peak increases at the expense of the 
non-stoichiometric component at 530.5 eV; the Sn oxide peak at 531.3 
eV decreases which results from the fact that with an increase in tem-
perature, the oxygen atoms are exchanged between Sn and Li. The for-
mation of Li2O and metallic Sn indicates the possibility of the formation 
of 2D planes between lithium oxide layers in a multilayer structure as 
has been shown by Pedersen [41]. 

3.5. UPS data for Li–O, SnO terminated diamond and Li2O/SnOx 
terminated diamond 

He I UPS was performed after every process in order to have an ultra- 
surface sensitive acquisition and determine the WFs. The WF can be also 

Fig. 3. (a), (b) Electrostatic potential diagram showing variation of potential on the surface of diamond from the bulk diamond in oxygen (ether) terminated 
diamond and Sn (QML) OTD (ether) terminated diamond, respectively. (c) XPS peaks for surface carbon (C1s) showing the shift in XPS peak. 
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determined by fitting of EF-PEEM image acquisitions close to the WF 
threshold (see supporting information Fig. S3). Within our lateral res-
olution of about 150 nm we found homogenous change in the WF across 
the sample. The particles on the surface, which broaden the LEED spots 
(Figs. S4 and S5) are therefore much smaller than our lateral resolution. 
Fig. S1(f) shows the UPS graphs of the LiO-terminated and Fig. 5 shows 
SnO and SnO/Li2O terminated Diamond surface at every step revealing 
the WF of the material as in the table ST1 in the supplementary section. 

Average work functions for various process steps for the Sn 3d and Li 
1s spectra are shown in Table ST1. This shows that WF is reduced when 
Li is deposited and annealed at 500 ◦C. The annealing further reduces 
WF by ~0.2 eV due to possible removal of bulk Li as suggested from the 
XPS. WF reduces from 5.9 eV to 3.93 eV through the surface treatments. 
At 800 ◦C, as has been seen in the XPS, much of the oxygen also goes 
away along with all Li as Li–O resulting in the diamond being almost 
completely unterminated, hence an increase in the WF. The presence of 
NEA on LiO terminated diamond has been demonstrated earlier, how-
ever in our case it was about − 0.60 eV (calculated using Eq. (1) and VBM 
position from UPS). A discussion on NEA and VBM will be discussed in 
next section. 

In case of SnOx/Li2O terminated diamond surfaces, the WF reduces 
from 5.9 eV to 4.1 eV when only SnO was deposited on the surface of 
diamond (100) which is due to the shift in the charge density between 
the surface species in a way that imparts NEA to the diamond surface as 
can be shown later. WF is further reduced to 3.9 eV when lithium is 
deposited on the surface. With an increase in annealing temperature to 
500 ◦C, a WF of 3.6 eV was obtained which is lower than O–Li termi-
nated diamond at that temperature. 

This further decrease in WF could be due to the loss of excess lithium 
during the annealing process as seen in case of O–Li terminated dia-
mond. Furthermore, we have calculated the amount of lithium lost with 
annealing in both samples and it turned out that 47% of lithium was lost 
at an annealing temperature of 500 ◦C for O–Li terminated diamond 
while only 15% was lost in the case of SnOx/Li2O terminated diamond 
(Fig. S8). This implies towards an increased stability of lithium on the 
surface of diamond with tin oxide. This is also evidenced by the reten-
tion of Li by the sample with tin oxide even at a temperature of 1000 ◦C, 
as can be seen in Fig. S8, while Li was totally lost at 800 ◦C in case of LiO 
terminated diamond. Another problem with LiO termination of diamond 
is that Li enters the interstitial sites at higher temperatures which was 
found earlier [57] and in our study with a different sample as well [59], 
causing a significant amount of doping and hence upward band bending 
in the diamond (100). This band bending can significantly alter the bulk 
properties of diamond. With SnO terminated diamond, Li is less likely to 
enter the diamond bulk due to the presence of heavy and large sized Sn 
atoms present on the surface of diamond. This can be evidenced by a 
significant amount of downward band bending in our samples with Sn as 
explained in the next section. This can give more efficient termination of 
diamond with heterostructures for higher stability and lower WF. 

Fig. 4. (a) Lithium peaks (deconvoluted using U 
2 Tougaard background and FWHM widths of 
1.7 eV ± 0.1 eV for oxide peaks), (b) Sn Peaks 
(deconvoluted using Shirley background and 
FWHM of 1.8 eV ± 0.1 eV for oxide peak; As soon 
as Li was deposited, lithium reduced the tin oxide 
giving a peak for metallic tin while also giving 
another peak for lithium oxide. We can also see a 
clear peak for lithium oxide and SnO after 
annealing at 500 ◦C which confirms the forma-
tion of Li2O/SnOx heterojunction.   

Table 2 
Summing up the key stoichiometric ratios of the elements involved in the 
experiment, calculated using the individual peak areas and their corresponding 
differential photoelectron cross section.  

Treatment Sn:O Li:O 

As deposited Sn 1.25 – 
Annealing at 500 ◦C for 60 min post O cracking 0.82 – 
Annealing at 500 ◦C for 60 min post deposition 3.35 2.35  
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3.6. Discussion on VBM and NEA 

ARPES was done near the top of the valence band to reveal the band 
structure of the samples and to observe the band bending in the diamond 
surface due to the metal oxide terminations. However, an increase in the 
background noise increases the difficulty in visualizing the band struc-
ture as can be seen in the supporting information Fig. S2. In spite of this, 
full wave vector ARPES allowed us to determine the valence band 
maximum (VBM) position more precisely [8], although it was deter-
mined using UPS and Maier ’s method [58] also, as can be seen in 
Fig. S7. The intensity at the centre of ARPES at various steps was plotted 
against the binding energy (B.E.) which leads to the determination of 
VBM position at the point where the signal dropped to the background 
level. The VBM position found due to the above mentioned 3 methods is 

presented in Table 3 for comparison with NEA calculated using the 
equation. 

χ = Φ + α − Eg (1)  

where χ is electron affinity, Ф is work function (WF), Eg is band gap 
energy and α is the difference between fermi energy level and VBM. 
Since the VBM values obtained using full wave vector ARPES are more 
precise, these were used to calculate the values of NEA. 

The electronic structure of differently terminated diamond (100) is 
shown in Fig. 5(c) which shows a considerable band bending when LiO, 
SnO and Li2O-SnOx is formed on the surface of diamond (100). VBM 
position was determined using ARPES (as discussed above), UPS (by 
extrapolating the low binding energy leading edge of the valence band 

Fig. 5. (a) UPS graphs for LiO-terminated and SnO/Li2O terminated Diamond surface at various process steps. The spectra were produced using a monochromatic 
21.2 eV He-I source. WF decreases with the process steps, finally giving a WF reduction of 2.3 eV. (b) VBM position determined using ARPES at 3 process steps. (c) A 
schematic diagram showing the downward band bending of diamond (100) due to the various terminations. A band gap of 5.47 eV was assumed in calculating the 
energy levels. 

Table 3 
Electronic structure information at different terminations of diamond (100). * indicates the values used for calculating the electron affinity (EA) value (by taking their 
average). VBM was determined using three different methods which showed the same trend. Data for H- terminated diamond is included for comparison.  

Sample VBM (ARPES) (eV) VBM (UPS) (eV) Maier’s Method (eV) WF (eV) (±0.1) EA (eV) Stability 

OTD 0.8* 0.9* 0.75 5.9 1.28 (PEA) Starts stabilising at 800 ◦C 
HTD [8,10,11]  − 1.30 (NEA) Desorbs at >700 ◦C 
LiO-D 0.9* 1.05* 0.47 3.93 − 0.60 (NEA) Desorbs at 800 ◦C 
SnO-D 1.4* 1.3* 1.75 4.1 − 0.02 (NEA) Desorbs completely at >1000 ◦C 
Li/Sn- OTD 1.5* 1.4* 1.85 3.6 − 0.42 (NEA) Desorbs completely at >1000 ◦C  
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linearly into the measured background) (Fig. S7) and by Maier’s 
Method. Although different methods of determining the VBM position 
gave slightly different values which could be due to errors in the 
calculation and extrapolation, similar trends in band bending were seen 
in all the methods. SnO terminated diamond (100) was seen to have an 
NEA of − 0.02 eV which is less than the theoretically calculated values 
for QML (− 0.86 eV) and HML (− 1.37 eV). This could be due to the 
problems associated with obtaining a smooth and contaminant free 
surface before metal termination. An increased value of NEA = − 0.42 eV 
is obtained with the lithiation of SnO terminated diamond or in other 
words with the formation of Li2O-SnOx terminated diamond (100) 
which calls for improvements to be made in the surface processing steps 
so that a lower value of NEA and hence WF could be obtained for effi-
cient termination based on a heterostructure between alkali and heavy 
metals. Although H terminated and LiO terminated diamond surfaces 
present much higher NEA, however, these terminations desorb at lower 
temperatures than seen in case of other Sn and heterostructure based 
terminations. 

In order to determine the efficiency in thermionic emission, the UPS 
spectra results were normalized by the illuminated area and integrated 
to calculate the quantity of secondary electrons. The integration has 
been carried out in a zone representative of the secondary electrons. 
Although O–Li terminated diamond has higher electron yield at every 
temperature than SnOx/Li2O terminated diamond, the decrease in the 
electrons was more rapid in the former than in the latter sample which 
also shows the increased stability of Li2O-SnOx terminated diamond over 
the O–Li terminated one. Li termination has already been found to 
exhibit NEA[51] while the SnO terminated diamond in our study 
showed a very small value of NEA. 

4. Conclusions 

We have demonstrated the possibility of forming SnO terminated 
diamond using DFT calculations. NEA values of − 0.86 eV and − 1.37 eV 
were obtained with QML and HML of Sn on oxygen terminated diamond 
(100). Larger adsorption energies of more than − 6 eV was obtained 
with various configurations of Sn on OTD which shows that Sn has an 
ability to form a stable termination on the surface of OTD. This stability 
was established experimentally as SnO on the surface of diamond was 
unaffected by molecular oxygen or ambient conditions, a necessary 
condition for device application. The formation of SnO nano-cluster 
terminations on the surface of B-doped C(100)-(1 × 1):O resulted in 
the downward band bending and lowering of WF by 1.8 eV. An NEA of 
− 0.02 eV was also seen. A considerable amount of downward band 
bending was seen due to Sn deposition on OTD. SnO was reliably formed 
instead of SnO2 which has been a point of debate until now as a reliable 
reference had been missing. DFT analysis revealed that surface C–C 
reconstruction due to Sn bonding occurs only in those cases when O 
atom is bonded to the surface C in a ketone configuration, a larger 
adsorption and more pronounced NEA was also seen in these cases, 
which shows Sn prefers to break the ketone bonds than the ether ones. 
Experimentally, no reconstruction was seen due to SnO termination of 
diamond. 

Although Li–O terminated diamond shows NEA of − 0.60 eV with a 
WF of 3.93 eV, the lithium content decreases quite rapidly at 500 ◦C. 
There is also a problem of Li doping the diamond crystal or occupying 
the interstitial sites inside the diamond bulk and hence changing the 
bulk properties considerably. The Li interaction with SnO nanoclusters 
was observed after depositing Li on the SnO terminated diamond. Li 
withdrew oxygen from the tin oxide and forms Li2O along with metallic 
Sn atoms. This interaction resulted in the increased stability of Li on 
diamond surface. Only about 15% of Li was lost in case of the Li2O-SnOx 
termination on diamond (100) compared to 47% lost in case of LiO 
terminated diamond. No surface reconstruction was seen due to Li2O- 
SnOx termination of diamond (100). By elaboration of the UPS data we 
also found that the photoelectron yield was decreasing more rapidly in 

case of pure LiO compared to Li2O-SnOx. Li2O-SnOx terminated diamond 
also resulted in an NEA of − 0.42 eV and a WF decrease of 2.3 eV. A 
downward band bending was seen in case of SnO and Li2O-SnOx 
terminated diamond, as opposed to upward band bending in case of LiO 
terminated diamond (seen in a different study), which implies that tin 
oxide can preventing Li from entering the bulk of diamond (doping) and 
hence preserving the diamond bulk properties. 

The results obtained in this study not only provide an insight into the 
heterostructure termination of diamond but are crucial in developing 
future efficient terminations for low work-function and NEA on the 
surface of diamond. 
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