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ABSTRACT: Wide-bandgap semiconductors are exploited in
several technological fields such as electron emission devices,
energy conversion, high-power high-temperature electronics,
and electrocatalysis. Their electronic properties vary signifi-
cantly depending on the functionalization of the surface. Here,
we investigated as a proof-of-concept the modulation of the
electronic properties of one of the most common wide-
bandgap semiconductors, that is, diamonds, to show the
tunability of their properties by modifying the surface
termination. Photoelectron spectroscopy was used to
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demonstrate the availability of a wide window of band bending, work function, and electron affinity. The band bending and
work function were found to change by up to 360 meV and 2 eV, respectively, by varying the surface from hydrogen- to oxygen-
terminated. Because of the negative electron affinity of diamonds, we were able to experimentally show the rigid shift of the

whole band structure.

B INTRODUCTION

Modification of the band structure of wide-bandgap materials is
of fundamental importance for many applications, such as
surface transfer doping,l_3 thermionic electron emission,” light-
emittin% devices,”® and high-power high-temperature elec-
tronics.” Some wide-bandgap materials, such as diamonds, with
their robustness and favorable electronic properties, are also
used in electrochemistry and electrocatalysis.”” One effective
and simple way to modify the band structure of a diamond is to
alter its surface termination. Indeed, the effect of surface
functionalization and orientation of a diamond has been studied
extensively in the past,'’”"” where the band bending, negative
electron affinity (NEA), and work function (WF) were
compared between hydrogen- and oxygen-terminated samples.
The aim of the current study is to build on past work in the
literature with innovative characterization techniques and prove
the tunability of diamond properties.

The surface termination has a major role in the reactivity and
performance at the diamond interface.””*' For instance, in
electrocatalysis, platinum (Pt) nanoparticles supported on
oxygen-terminated diamond powders were shown to exhibit
higher catalytic conversion efficiency for methanol and formic
acid oxidation, compared with Pt nanoparticles on hydrogen-
terminated diamond powders.”> However, hydrogen-termi-
nated diamond surfaces showed favorable performance in
photocatalytic reduction and photochemical functionalization
over oxygen-terminated surfaces.”>** These contrasts were
attributed to the large differences in surface dipoles of the
hydrogen- and oxygen-terminated diamond surface, and thus
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the different shifts in electronic structure. Tuning these surface
electronic properties will enable the performance optimization
of such devices.

Some wide-bandgap semiconductors have a peculiar property
called NEA, where the vacuum level at the surface lies below the
conduction band minimum (CBM), allowing for a significantly
reduced barrier for electron emission. Hydrogen-terminated
diamond surfaces exhibit NEA,"* which is a fundamental feature
for thermionic devices,” photon detectors, and cold cathode
emitters,” but is unstable at high temperatures and thus make it
impractical for high-temperature applications such as in
thermionic energy converters.”” GaN and AIN can exhibit an
NEA surface with a Cs—O termination,”® and some metal oxide
terminations on diamonds'*'® are able to exhibit NEA behavior
with a higher thermal stability. The careful characterization of
the oxygen surface is useful for optimizing the oxygen
termination procedure and understanding its effects on the
electronical, chemical, and physical surface properties, and is
pivotal for the growing interest in metal oxide termina-
tions, 4152628

Here, in order to study the surface functionalization of
diamonds in an innovative way, the two most common diamond
surfaces, fully hydrogenated (100) and (111) diamond surfaces
were characterized under ultrahigh vacuum (UHV) conditions
while gradually increasing oxygen coverage. The state-of-the-art
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surface science techniques we used here are as follows: energy-
filtered photoemission electron microscope (EF-PEEM) in real
and reciprocal spaces, spot profile analysis low-energy electron
diffraction (SPA-LEED), X-ray and ultraviolet photoelectron
spectroscopy (XPS, UPS).

EF-PEEM allowed us to obtain high-energy and lateral-
resolution photoemission imaging in real space, and full
wavevector angle-resolved photoemission spectroscopy
(ARPES) in reciprocal space, throughout the oxygen termi-
nation process. To the best of the authors’ knowledge, these
techniques have not been used before on diamond surfaces.
Photoemission imaging by PEEM gives surface characterizations
with energy resolution in the range of tens of mega-electron volts
and lateral resolution in the order of tens of nanometers,
respectively. It has been exploited for several materials™~>* but
its potential, especially in the reciprocal space,”” has still not yet
been fully explored. Importantly, PEEM electronical and WF
contrasts were successfully used to follow chemical and catalytic
reaction kinetics,** ">’ and for probing intercalation mechanisms
on graphene.””*" In this work, the WF contrast has been used to
monitor the changes during the replacement of hydrogen with
oxygen functionalization and to carefully select the areas for
UPS. ARPES is one of the few techniques that has the energy and
reciprocal space resolution needed to visualize a material’s band
structure.””~** Full wavevector ARPES has been used to study
the electronic state of graphene®™* and transition-metal
dichalcogenides,® and is crucial for orbital tomography.** In
this work; it has been exploited to precisely find the valence band
maximum (VBM) by selecting only the features at I".

The range of surface science techniques used here allowed us
to visualize step-by-step changes in the electronic and
morphologic structure of the samples, and thus measure the
intermediate stages of termination from hydrogen to oxygen
termination. We proved the tunability of the sample electronic
properties by establishing the relation between oxygen coverage
and electronic properties of diamonds, taking a fundamental
step forward from previous literature works.'°~"? Our findings
are also a stepping stone for future EF-PEEM in-operando
studies where semiconductors are investigated as functions of
time, position, and applied electric field.*”~>" The possibility to
tune the electronic properties of diamonds by modifying the
surface functionalization is also a proof-of-concept demon-
stration applicable to other wide-bandgap materials.”*~>*

B METHODS

Diamond Preparation. Two conductive diamond films
were produced by growing boron-doped layers onto (100) and
(111) single-crystal diamond substrates purchased from
Element Six (145-500-0248 and MM 111/4010). Growth was
done in an Applied Science and Technology (ASTeX)-type
microwave plasma-enhanced chemical vapor deposition (CVD)
reactor for 10 min, using 3% CH, and 3 ppm B,H, in H,. The
(100) layer was grown at 1400 W and 140 Torr, at a temperature
ranging between 950 and 980 °C. The (111) was grown at 1300
W and 130 Torr, at a temperature between 960 and 990 °C. Both
samples were then immediately hydrogen-terminated after
growth with a pure hydrogen plasma at 900 °C for 2 min,
followed by 2 min at 500 °C.

The two hydrogen-terminated (100) and (111) samples were
then transferred into the Bristol NanoESCA Facility’s UHV
chambers, where they were subsequently annealed at 300 °C
under UHV conditions for 1 h for surface cleaning.
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Surface Science Experiments. XPS was performed using a
monochromatic Al Ka source (1486.7 V), with the analyzer at
45° to the normal sample. A pass energy of 20 eV was used, for
an overall energy resolution of 600 meV.

SPA-LEED was used to investigate the surface reconstruction
and roughening of the samples.

A NanoESCA II EF-PEEM was used for full wavevector
ARPES,* WF mapping, and region-selected UPS. A high-
intensity focused and fully monochromatized He—I UV source
(212 V) was used as the excitation source. The lateral
resolution of the WF map was less than 150 nm.

Oxygen dosing was performed by exposing the samples to an
oxygen cracker in a total pressure of 2 X 107" mbar of oxygen at
room temperature for a set amount of time, after which the
samples were characterized again using the techniques
mentioned above. This procedure was repeated multiple times
for a total oxygen dosage duration of 130 min.

Density Functional Theory Modeling. Density functional
theory (DFT) using the Perdew—Burke—Ernzerhof approx-
imation™ was used to calculate electric potentials through the
diamond surfaces with the CAmbridge Serial Total Energy
Package (CASTEP).*° Plane waves of up to 900 eV were used as
the basis set to construct the electron density, with
pseudopotentials to eliminate core electrons from the
calculation.”” For the (100) surface, a 5.05 A x 2.52 A x 30 A
supercell was used, allowing for a 2 X 1 reconstructed slab of 10
layers of 2 carbon atoms, where a Monkhorst and Pack (MP)
grid of 7 X 14 X 1 k-points was sufficient to sample the Brillouin
zone.”® A hexagonal supercell for the (111) surface of side length
2.52 A and height 21.8 A was used, with a diamond slab 10
carbon layers thick, where an MP grid of 14 X 14 X 2 was used to
sample the Brillouin zone. For both surface orientations of the
single crystal diamond slabs, both sides were terminated with
either a layer of hydrogen or oxygen.

B RESULTS AND DISCUSSION

Photoemission Measurements and DFT Calculations.
Here, we report XPS, UPS, ARPES, and WF data that have been
acquired after each step of oxygen exposure using an oxygen
cracker. The core-level photoemission gave us an indication of
the quantity of oxygen adsorbed onto the surface and the dipole
strength because of the surface transformation. UPS and ARPES
provided information on the electron affinity and band bending
of the top few atomic layers of the sample, whereas the WF maps
allowed us to visualize the transformation from the hydrogen- to
oxygen-terminated surface. The results are corroborated by
DEFT calculations.

XPS surveys done at each oxygen-dosing step show no
indication of contamination from the cracker filament, and only
carbon and oxygen peaks were present. For both the (100)- and
(111)-orientated samples, the C 1s peak decreased, whereas the
O 1Is line increased with oxygen-cracking duration, from the
attenuation of signal because of the replacement of hydrogen on
the diamond surface with oxygen. Figure 1 shows the
stoichiometry of the carbon and oxygen signals of both samples,
normalizing the photoemission line areas by their sensitivity
factors. This was plotted with respect to oxygen exposure time
and no clear saturation point was observed even after 130 min.

The absence of a clear plateau in the O—C ratio can be
explained by the roughening of the diamond surface from atomic
oxygen exposure, increasing the surface area for oxygen
adsorption. Oxygen has been used to enhance diamond CVD
growth,*”** and oxygen ions are known to slowly etch diamond
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Figure 1. Oxygen to carbon signal ratio from XPS with respect to
oxygen-cracking duration. The (100)- and (111)-orientated samples
are represented in blue and orange, respectively.

61,62 .
surfaces. Atomic oxygen exposure at room temperature

shows similar behavior by deteriorating the diamond surface, as
seen by Shpilman et al. using the afterglow of an oxygen plasma
for atomic oxygen.™

The C 1s and O 1s XPS spectra after each step for the (100)
and (111) surfaces are shown in Figure 2.

Initial core-level spectra for both the hydrogen-terminated
surfaces were similar, with a binding energy of 284.4 eV for the C
1s peak from the boron-doping,”* and 532.6 €V for the O 1s
peak, which may have come from small defects of the single
crystals (the quantity of oxygen is <1 at. % for the hydrogen-

terminated crystals). After the first S min of oxygen cracking,
both C 1s peaks of the two surfaces shifted to higher binding
energies, similar to the reported C s core level of oxidized
diamond surfaces.”* The (100) C 1s core level stopped shifting
after the first S min, whereas the O 1s peak continually decreased
in binding energy with oxygen dosing. Meanwhile, for the (111)
surface, the O 1s binding energy remained constant with oxygen
cracking, whereas the C 1s peak continually increased in binding
energy.

The binding energy shift, asymmetry, and broadening of the C
Is peak have been attributed to surface band bending and
surface state formation in the past,'’ though those may not be
the only contribution to such effects. Indeed, with our step-by-
step acquisitions we observed a complex trend of shifting and
broadening of the C 1s peaks in Figure 2 for both the (100) and
(111) surfaces. We believe these are the result of complex
phenomena which include, not exclusively, surface state
formation and band bending, but also surface roughening as
discussed below.

The shifting of oxygen and carbon core-level binding energies
occurs in opposite directions, and their relative shifts in binding
energy after each oxygen-cracking step are plotted in Figure 3,
where ABE is the difference between the C 1s and O 1s shifts in
binding energy. A saturation of the shifts in binding energy is
observed, which would indicate when a full oxygen coverage is
obtained.

For both the (100)- and (111)-orientated samples, their
relative C 1s and O 1s shifts are similar, which can be explained
by the dipole formation induced by the oxygen on the surface of
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Figure 2. XPS spectra of O 1s (left) and C 1s (right) peaks of the (100) (top) and (111) (bottom) surfaces after each step of oxygen cracking.
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Figure 3. Shift in binding energies between the C 1s and O 1s XPS
spectra with respect to oxygen-cracking duration. The (100) and (111)
surfaces are shown in blue and orange, respectively.

the diamond."> The electric potential at the surface of the
hydrogen- and oxygen-terminated sample is therefore signifi-
cantly different. Oxygen has a higher electronegativity than
carbon, so the surface carbon atoms bonded with oxygen have a
slight positive charge, whereas the oxygen atoms possess a slight
negative charge.16 This forms a dipole on the surface of the
diamond, where the surface oxygen atoms will be on the
negatively charged side of the dipole, whereas the layer of carbon
underneath will be on the positive side. Therefore, the O 1s
spectra will be shifted to lower binding energies (or higher
kinetic energy) because of the increased electric potential on the
oxygen atoms, whereas the olpposite occurs for the carbon atoms
directly below the surface. * The difference in energy shifts
between the C 1s and O 1s peaks goes up to 1.5 eV after 130 min
of oxygen exposure, and it gives an indication of the dipole
moment formed between the carbon and oxygen layers.

While the relative shifts in the C 1s and O 1s binding energies
are found to be the same for both (100) and (111) diamond
surfaces, it is unclear why on the (111) surface the C 1s peak

shifts in energy, whereas the O s energy stays fixed, whereas the
opposite occurs for the (100) surface. We therefore did DFT
calculations to help understand these phenomena. Figure 4
shows the electrostatic potential through the two diamond
surfaces for hydrogen and oxygen terminations from DFT
calculations. The plots were aligned between the two different
terminations by their bulk potentials for easier comparison, as
the electric potential at each atom’s position can then be directly
linked to the binding energies in XPS. The final binding energy
shift for carbon in Figure 2 should be closely related to the
change of V. relative to Vi from a hydrogen to oxygen
termination.

From the data used to generate Figure 4, we would expect the
shift in binding energy of carbon after oxygen termination to be
—0.04 eV for the (100) surface and +1.25 eV for the (111)
surface, compared to the +0.5 and +1.5 eV from the XPS in
Figure 2. The difference in values could have been from
insufficient datapoints in the electric potential plot, making it
difficult to determine the potential at a precise position.
However, the results qualitatively confirm that the carbon
peak shifts significantly less for the (100) than the (111) surface.
The DFT calculation showed a significantly larger oscillation of
potential through the (111) surface, making it incomparable
with the (100) surface; otherwise, the binding energy shift in
oxygen peak could also be compared with experimental values.

The surface dipole is also responsible for the change in
electron affinity of the diamond samples, where a hydrogen-
terminated surface exhibits an NEA'® because of its lower
electronegativity than carbon, whereas the oxygen-terminated
surface has a positive electron affinity. Therefore, the change
from a hydrogenated to oxygenated diamond surface will also
have a significant effect on the WF, which is shown in Figure 4 by
the noticeably higher electric potential at the vacuum level for
the oxygen-terminated diamond than the hydrogen-terminated
one.
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Figure 4. DFT calculations for electric potentials of the (100) (top) and (111) (bottom) diamond with hydrogen (left) and oxygen (right)
terminations. Carbon atoms are in gray, whereas hydrogen and oxygen are in blue and red, respectively. The y-axis for the hydrogen-terminated surface
is shifted downwards to align with the Vj, of the oxygen-terminated surface.

4171

DOI: 10.1021/acs.jpcc.8b11232
J. Phys. Chem. C 2019, 123, 4168—4177


http://dx.doi.org/10.1021/acs.jpcc.8b11232

The Journal of Physical Chemistry C

Region-selected UPS of the samples after each step of oxygen
cracking are shown together in Figure 5, where the area of
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Figure 5. Selected area UPS spectra of the (100) (blue) and (111)
(red) surfaces after oxygen-cracking steps. The spectra are normalized
and shifted vertically for clarity.

interest was selected using an EF-PEEM mechanical aperture.
The advantage of this over-conventional UPS'*""'#'%% js the
ability to avoid macroscopic defects on the sample that can affect
the acquisitions. The existence of macro-defects is suggested by
the oxygen contamination on the fully hydrogenated samples as
seen in Figure 2. The spectra were produced using a
monochromatic 21.2 eV He—I source. The x-axis represents
the energy of the detected electron, relative to the Fermi level
(Ep) of the sample.

During the UV photoemission process, electrons in the
valence band are photoexcited to higher electronic states in the
conduction band, where they can be directly emitted into the
vacuum or thermalize to lower-energy states before emission.
When using a monochromatic photon source, the fastest
electrons detected can be used to determine the VBM position.
On the low-energy end of the spectra, the cutoffs give the
vacuum level (therefore WF) of the sample,67 which increases
with the oxygen-cracking duration because of the higher
electron affinity induced by oxygen. From Figure 5, the
hydrogen-terminated surfaces had an initial WF between
roughly 3 and 4 eV, which then gradually increased with oxygen
exposure. At high oxygen exposure durations, we noticed an
additional feature appear at about 3 and 4 eV of binding energy
for the (100) and (111), respectively. This is attributed to an
oxygen-induced surface state as previously reported by Loh."”"*
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As the hydrogen-terminated diamond surfaces exhibit NEA,
the vacuum level lies below the CBM; therefore, secondary
electrons thermalized to the CBM can be emitted. As referred to
by Diederich et al. as an NEA peak,”® an intense peak starting at
the CBM results because of the accumulation of relaxed
electrons,' whereas electron emissions from below the CBM
are associated with surface states within the band gap."’

In the UPS spectra of Figure S, the low-energy peaks of the
hydrogen-terminated sample and the sample after 5 min of
oxygen exposure both have a broad shoulder that drops to zero
intensity at the low-energy cutoff. As explained above, the broad
peak arises from the contribution of relaxed electrons from both
surface states as well as the CBM, with the CBM being the higher
energy component. For the (100) hydrogenated surface and
after S min of oxygen cracking (blue lines), the two peaks can be
clearly distinguished, and the CBM is taken to be at the point
where the second peak begins, at around 4.75 and 4.85 eV above
Ej respectively. ARPES was done at the higher-energy portion of
the spectra to determine the valence band structure (see Figure 7
and Supporting Information Figure S1), allowing a more
accurate determination of the VBM position over angle-selected
UPS spectra.'”'” The VBM was found to be at 0.75 and 0.65 eV
below Ej, respectively. This gives us an experimentally obtained
value of 5.5 eV for the band gap, very close to the expected
value.”” For the hydrogen-terminated (100) sample, the low-
energy cutoff was approximately 3.7 eV above Ej, giving an NEA,
that is, the difference between the low-energy cutoff and the
CBM, of about —1 eV, in good agreement with the
literature.'””° Thanks to the NEA, we are able to experimentally
observe the rigid shift of the whole band structure of diamonds
because of the oxygen termination and observed unoccupied
states above the E¢ by photoemission without complex pump—
probe ARPES setups’" or alkaline surface-doping.”””> After 20
min of oxygen exposure, the NEA peak is no longer clearly
visible as the WF cutoff is too close to the CBM.

Similarly, the (111) crystal presents an NEA when hydrogen-
terminated and after 5 min of oxygen cracker exposure. The
CBM peak is broader and less defined than the (100) crystal;
this observation is due to the indirect band gap of diamonds. The
CBM lies at 0.76 of the distance from the center of the Brillouin
zone to the edge along the (100) direction.”* This means that
electrons at the bottom of the conduction band for the (111)
surface have a relatively large momentum parallel to the surface
(ky =~ 0.95 A™), so electrons at the CBM must first scatter
inelastically and alter k| before being emitted. The peak from the
(111) CBM was still observed because of the angle-integrated
analyzer used, which may not be detected with angle-selected
analyzers used in previous studies of Diederich, et al.'® Detailed
angle-resolved acquisition about these phenomena for the (100)
and (111) surfaces will be investigated in a separate paper.

Because of the broadened NEA peak, it is more difficult to
understand the energy position of the CBM on the (111)
surface; however, the trend of increasing VBM for oxygen
exposure is confirmed, going from 1.18 eV below E; for the
hydrogen-terminated surface, to 0.68 eV for S min and 0.46 eV
for 20 min of oxygen cracking (Figure S1).

The average WF can be estimated from UPS by extrapolation
of the low-energ?r cutoff to the background, as was done in
previous studies, ”'*'> but did not provide insight into the
uniformity of the surface. WF maps were generated with pixel-
by-pixel fitting of EF-PEEM images, which to the authors’ best
knowledge has not been done before on diamonds and can show
the mechanism of oxygen replacing hydrogen because of the WF
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contrasts. Figure S2 shows the WF maps of the (100) and (111)
diamond surfaces when hydrogen-terminated and after 130 min
of oxygen exposure. The WF was found to increase uniformly
throughout each oxygen-cracking step as no noticeable
formation of high WF islands were seen with a lateral resolution
better than 150 nm, and there was also no evidence of
macroscopic etching. The average WF values were obtained
from the WF maps after each oxygen-cracking step by taking a
homogenous region of interest and plotting the average values
against oxygen-cracking duration (Figure 6). Interestingly, the
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Figure 6. WF changes with respect to the oxygen exposure duration for
the (100) (blue) and (111) (orange) diamond surfaces. The (111) WF
is plotted on a separate y-axis for easier comparison.

(111) surface had a sharper increase in WF after 5 min of oxygen
cracking compared to the (100) surface but saturates near 4.5
eV, whereas the (100) surface saturates at around 6 eV.
Saturation begins after approximately 70 min of oxygen cracking
for both samples.

ARPES was done on the samples near the top of the valence
band to accurately determine the changes in surface band
bending because of oxygen (see discussion above), similar to
what has been done in the past;42_44 however, the full
wavevector ARPES allows for a more precise determination of
VBM reciprocal space position compared to conventional UPS
and ARPES setups. Figure 7 shows a full wavevector ARPES of
the VBM for the hydrogen-terminated (100) and (111) samples.
The intensity at the center of ARPES was plotted against binding
energy, and the position of the VBM was determined to be
where the signal dropped to the background level. The VBM for
the hydrogen-terminated (100) and (111) surfaces was found to
be at 0.75 and 1.2 eV binding energy, respectively, indicating a
downward band bending. This was obtained assuming a boron-
doped diamond with a bulk Fermi level of 0.25—0.3 eV above
the VBM, as calculated by Bandis and Pate for diamonds with
different boron concentrations.'””*

After oxygen exposure, the signal-to-noise ratio dropped
significantly, leading to difficulty in finding the VBM position.
Slices through energy along k; (orange dotted line) in Figure 7
revealing the band structure of the crystals are reported in Figure
S1. The samples showed an increase in upward band bending
after S min of oxygen exposure, meaning that near the surface, an
electric field drives the electrons into the bulk, thus generating
more holes and causing the VBM to move upwards toward the
Fermi level.

The decrease in the signal-to-noise ratio with oxygen exposure
is predicted to be due to surface roughening of the samples from
oxygen exposure. Figure 7 shows VBM ARPES images of both
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(100) (111)

Hydrogen-
terminated

40 min

Al

Figure 7. Full wavevector ARPES images of the (top) hydrogen-
terminated (100) (left) and (111) (right) surfaces, and after 40 min of
oxygen cracking (bottom). The images are integrated between 0 and 2
eV binding energy. The dotted lines are along X—A—X’ for the (100)
surface, and K—A—K’ for the (111).7°

samples after 40 min of oxygen exposure, highlighting the
increase in noise compared to hydrogen-terminated samples.
LEED Measurements. Diffraction with low-energy elec-
trons has been employed to visualize the reconstruction on the
surfaces and the roughening that occurs during the oxygen
treatment. SPA-LEED was performed on the (100) sample with
an electron energy of 100 eV, whereas 120 eV was used for the
(111) sample. The hydro_;en-terminated (100) surface forms a
(2 X 1) reconstruction,”” as shown in Figure 8. The (2 X 1)

Figure 8. LEED pattern of the hydrogen-terminated (100) surface at
100 eV. The orange circles represent the (1 X 1) domain, blue is the (2
X 1) domain, and the yellow dotted circle was used as the background.

spots decreased in intensity with exposure to oxygen as the
oxygen-terminated diamond (100) surface is (1 X 1)
reconstructed, in agreement with Pehrsson and Mercer who
also exposed a hydrogen-terminated (100) diamond surface to
atomic oxygen and observed a (1 X 1) reconstruction.”’

Spot profile analysis on the (100) LEED patterns after each
oxygen exposure step was done by integrating the intensity
around the (1 X 1) and (2 X 1) spots indicated by orange and
blue circles in Figure 8, whereas the background was taken by
integrating a spotless area (yellow dotted circle). Figure 9 shows
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Figure 9. Intensity profiling of the (100) surface LEED pattern with
respect to the oxygen-cracking duration. The signal intensity of the (2 X
1) and (1 X 1) spots divided by background are in blue and orange,
respectively.

the intensity of the (1 X 1) and (2 X 1) patterns relative to
background plotted against oxygen exposure time in orange and
blue, respectively. The (2 X 1) ratio quickly decays with oxygen
exposure because of the transition between the hydrogen (2 X 1)
to oxygen (1 X 1) reconstruction.”” However, the (1 X 1) ratio
initially increased because of the favored reconstruction from
oxygen replacement; it then begins to decay because of the rise
in background. This ratio is not expected to drop for a surface
with constant roughness, so the decay in signal is indicative of
surface roughening, which agrees with our XPS and ARPES data.

The LEED pattern for the (111) sample showed a constant (1
X 1) reconstruction for the hydrogen- and oxygen-terminated
surface as expected,®”® so spot analysis was done against the
background in Figure S3. The intensity ratio for the (111)
surface dropped significantly during the initial steps of oxygen
cracking, indicating that roughening of the hydrogen-terminated
surface from oxygen exposure occurs right away. The initial
trend observed for the (100) surface in Figure 9 is different
because of the increase in signal from the transition of (2 X 1) to
(1 X 1) reconstruction.

Band Structure and Coverage. On the basis of our
investigation, some observables reached a plateau with oxygen
exposure as follows:

o Difference in binding energy shifts between C 1s and O 1s
from surface dipoles (Figure 3)

e WF changes from the surface dipole (Figure 6)

e LEED intensity ratio of (1 X 1) spots versus background
from surface roughening (Figures 9 and S3)

We proceed to fit such trends with exponential functions
assuming that the surface is fully terminated after 130 min of
oxygen exposure; then, we averaged the fitting to find a
calibration for “oxygen exposure”/“oxygen coverage” as
reported in Figure S4. Using this calibration curve, we can
relate the oxygen exposure time to a coverage. For the (100), S,
20, and 40 min correspond to a coverage of 0.24, 0.66, and 0.87
monolayers (ML) of oxygen, respectively, whereas for the (111),
they correspond to 0.40, 0.87, and 0.96 ML. Interestingly, the
(111) crystal reached the ML faster than the (100); we believe
that this is strongly dependent on the surface preparation of the
crystals.

We can now summarize the complete band diagram changes
of the (100) crystal and the VBM trend of the (111) crystal from
increasing oxygen coverage with a scheme and graph as
presented in Figure 10.

We can observe that the band structure of the (100) shifts
almost linearly from hydrogen to oxygen termination; a linear fit
is added in Figure 10 to guide the eye.

The coverage calibration also helps with understanding the
roughening of the surface after 40 min of exposure observed with
XPS, ARPES, and LEED; the coverage after 40 min is so high
(>0.9 ML of oxygen) that the reactive atomic oxygen begins
etching the crystal, as previously found by Thomas et al. and
Shpilman.**”?

B CONCLUSIONS

We have demonstrated the possibility of modulating the WF and
band structure of two diamond surfaces via simple control of
oxygen adsorption onto a hydrogen-terminated surface and
determined the relation between oxygen coverage and electronic
properties. Carefully changing termination, the band bending
can be tuned up to about 360 meV and the WF up to 2 eV. Shifts
in core-level binding energies from XPS were explained by the
dipole formation on the diamond surface, which also influenced
the WF and the electron affinity of the samples. This type of
analysis is important for future studies of bond and dipole
strength and can be applied to more complex functional groups
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Figure 10. On the left, a scheme of the band bending of the (100) crystal because of the oxygen exposure. All the energy levels have been
experimentally determined except for the CBM position of the sample after 20 min of oxygen exposure (purple) where a band gap of 5.5 eV has been
assumed. On the right, the VBM and CBM of the (100) crystal are plotted as a function of the oxygen coverage in blue squares; the VBM trend of the

(111) crystal is in red hexagons.
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placed on diamond'*'® and other materials.””~>* EF-PEEM
measurements showed that the oxygen adsorption occurs
uniformly on a microscopic scale. Region-selected UPS and
full wavevector ARPES allowed for an in-depth study of changes
in surface band bending, with an important insight into
unoccupied states above the Fermi level, using simple
photoemission acquisitions.

Long exposure of a hydrogen-terminated diamond surface to
atomic oxygen was found to cause surface roughening, which
was observed from XPS, LEED, and ARPES analyses. This could
be important information for the processing of diamond-based
devices if the degradation of the surface hinders performance.
Alternative oxygen-terminating procedures such as anodic
polarization may potentially be used without such an effect.””*"

The surface band bending and changes in electron affinity are
also prevalent in other wide-bandgap materials and play a key
role in their performance in high-power and high-temperature
electronic devices, thermionic application, and electrochemis-
try.*” The ability to tune and predict these changes would
greatly benefit development of the above applications.
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