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Diamond C 1s core-level excitons: Surface sensitivity
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The effect of surface termination on C 1s core-level bulk excitons found near the surface in single-crystal
diamond is reported. By simultaneously recording bulk (total electron yield) and surface (partial electron yield)
near-edge x-ray absorption fine-structure (NEXAFS) spectra with a range of single-crystal surface termina-
tions, variable bulk exciton energy blueshifts and linewidth broadening were observed, most notably in the
reconstructed single-crystal diamond. Investigation of polycrystalline diamond and ultrananocrystalline dia-
mond films, using the same technique, allowed for a comparison between the reconstructed single-crystal
diamond surface and nanodiamond bulk excitons. These findings suggest that surface-related effects can be
misinterpreted as quantum confinement in some nanodiamond NEXAFS studies. Band bending is suggested as

a possible contributor to these results.
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I. INTRODUCTION

Diamond is gaining momentum as the material of choice
for a variety of advanced electronic and photonic applica-
tions, including possible applications in quantum information
processing! and high power electronics.> Much of this inter-
est has been driven by recent advances in high-purity growth
processes of single-crystal (SC) diamond,? as well as an in-
creasing ability to control the growth of mixed carbon allot-
rope materials, such as diamondlike carbon and ultrananoc-
rystalline diamond (UNCD) films as well as nanodiamonds.
The diamond surface is interesting scientifically due to its
ability to reconstruct, for example. There is also a strong
need for well characterized and high-quality diamond inter-
faces and surfaces to support each of the above technological
applications.

X-ray absorption spectroscopy is well suited for probing
the electronic structure of different diamond surfaces and has
already been applied to a variety of diamond materials.
These include homoepitaxial crystals,* dc glow discharge
diamond films,> UNCD films,® detonation nanodiamonds,’
and meteoritic diamonds® to name a few. Near-edge x-ray
absorption fine structure (NEXAFS) is increasingly being
recognized as a useful tool in accurately measuring sp?/sp’
variations in diamond films,>°-!% and is exquisitely sensitive
to surface states'® and defect states.'* Specifically the C 1s
bulk core-level exciton in diamond has proven to be a useful
indicator of crystalline quality and has been shown to be
sensitive to even small amounts of ion-induced damage.'

The last decade has produced many studies and much
contention relating to the exact energy and binding model for
this core-level bulk exciton,'®~2! with some authors noting its
similarity to the substitutional nitrogen donor in
diamond.'®?? There have been conflicting reports regarding
the possibility of quantum confinement in nanosized dia-
mond particles,>>** with multiple authors reporting size-
dependent exciton and band-edge energy shifts using NEX-
AFS data,3?2% despite some argument that the
nanodiamonds of interest are usually too large to display a
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change in the band gap of the material.>* One study has
confirmed a gradual widening of the band gap in succes-
sively smaller diamond crystals,>® however the unoccupied
states appear to remain unchanged while it is the occupied
states band edge which drops to lower energies. However,
occupied states are not measured in NEXAFS only studies®!
and as such the origin of the reported bulk exciton energy
shifts still needs to be explored.

Despite the apparent discovery of diamond’s surface
exciton,?? one effect which has received little attention is the
sensitivity of the C 1s core-level bulk excitons to the surface
environment and specifically to different surface termina-
tions. Band bending in diamond is already known to be very
sensitive to the surface termination. Understanding the effect
of surface termination on bulk excitons found near the sur-
face (herewith referred to as near-surface excitons) is espe-
cially pertinent for nanodiamonds due to the significant pro-
portion of near-surface carbon atoms being probed. To check
this properly, in the context of diamond NEXAFS, a very
careful study involving different surface treatments on the
same diamond sample is required. In order to eliminate con-
cerns about relative energy calibrations, bulk and surface in-
formation should be recorded simultaneously. This study
aims to utilize the very high-energy resolution x rays from
the Australian Synchrotron to investigate the effect of vari-
ous surface terminations on near-surface excitons from the
[100] surface of high-quality homoepitaxial diamonds. In or-
der to directly compare the core-level bulk exciton reso-
nances with those near the surface, simultaneous partial yield
(PY) (surface sensitive Auger electron) and total yield (TY)
(bulk sensitive drain current) NEXAFS measurements were
conducted. Similar measurements were also made on poly-
crystalline and UNCD films for comparison of near-surface
and bulk exciton resonance effects.

II. EXPERIMENTAL DETAILS

x-ray photoemission spectroscopy (XPS) and NEXAFS
measurements were conducted at the Australian Synchrotron

©2010 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.82.125427

STACEY et al.

using an elliptically polarized undulator capable of providing
photons in the energy range between 90 and 2000 eV. The
NEXAFS spectra were measured using a vacuum system
consisting of four interconnected chambers: (i) a load lock
with heating facilities, (ii) a preparation chamber, (iii) a
chamber dedicated to the XPS and NEXAFS measurements
and connected to the beamline equipped with an hemispheri-
cal analyzer, retarding field analyzer, fluorescence yield de-
vice and drain current capabilities (etc.), and (iv) a central
chamber used for sample transfer, equipped with a sample
cassette which could be loaded with multiple sample holders.
The base pressure of the vacuum chamber where the XPS
and NEXAFS measurements were conducted was measured
to be better than 2 X 107" Torr.

The NEXAFS measurements were carried out in the 280-
310 eV photon energy range in the partial electron yield
(PEY) and total electron yield (TEY) modes. Since the
mean-free path of high-energy electrons in diamond is short
(about 1 nm for 200 eV Auger electrons), the PEY (Auger)
signal from these electrons can yield only surface sensitive
information. This can be compared to the total electron yield,
which probes the “bulk” of the material. The PEY measure-
ments were carried out by recording the intensity of second-
ary electrons above 200 eV using a retarding field analyzer
as a function of incident photon energy. The TEY signals
were produced by measuring the sample current as a function
of photon energy, or where this was not possible the 8 eV
secondary electron flux was monitored with the hemispheri-
cal analyzer. The TEY and PEY spectra were normalized by
comparison with a TEY signal measured from a sputter
cleaned gold sample. This cancels any contributions originat-
ing from carbon impurities present in the beamline, which
contribute to changes in the energy-dependent photon inten-
sity reaching the sample. Each measurement was carried out
by increasing the photon energies in steps of 0.05 eV. The
energy scale of all spectra was fixed such that the TEY signal
of each scan displayed a bulk second band gap of diamond
known to be at 302.4 eV. Due to the stability of the beam-
line’s monochromator this energy calibration only required
the same shift of 0.7 eV for all scans measured. The TEY and
PEY spectra were recorded simultaneously such that surface
and bulk information could be directly compared. The ex-
pected photon resolution of the system was better than 0.05
eV. XPS measurements were conducted with incident photon
energies of 600 eV, providing for surface sensitive impurity
and termination analysis. A hemispherical Phoibos 150-
SPECS analyzer was used to record the XP spectra.

The two single-crystal diamond samples studied were a
high-purity Element6 chemical vapor deposited (CVD) Ila
and a natural Ila diamond (Drukker). The surfaces under
investigation were commercially [100] polished and were
prepared ex situ by solvent cleaning (methanol, ethanol, and
isopropanol) followed by a hydrogenation step in an Astex
microwave CVD reactor. Both samples were exposed to the
hydrogen simultaneously at an estimated 1100 °C in a 100%
hydrogen plasma at 150 Torr with 1400 W of continuous 2.4
GHz microwave excitation. The sample temperatures were
measured with a two-color fiber-based pyrometer and cross-
checked with a disappearing filament pyrometer.

The hydrogen plasma treatment step for each sample is
not only important because it provides a hydrogen-
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terminated crystal baseline, and because the hydrogen
plasma is a very effective way of cleaning contaminants
from the surface, but also because the hydrogen is effective
at etching any unwanted phases of carbon at the diamond
surface, and essentially produces a “clean” pure diamond
surface.

After hydrogenation and exposure to ambient conditions
(for transportation) the CVD diamond sample was mounted
on a high-temperature e-beam heated sample holder, with a
K-type thermocouple in physical contact with the sample.
Various surface terminations were studied, including oxygen
dosing, which was conducted in the preparation chamber, as
well as water exposure, at sample temperatures of room tem-
perature and 200 °C, processed in the load lock. The water
vapor was collected by a repeated process of freeze/thawing
a container of Milli-Q water and pumping away gas impuri-
ties, with the final thaw vapor being collected in a bleed line
attached to the load lock. The oxygen and water dosing
was conducted at pressures of 2X 107 mbar and 5
X 107 mbar, respectively. Prior to each of the above-
mentioned dosing experiments the sample was heated to
~1000 °C in the preparation chamber, forcing noncarbon
surface species to be driven off, and leaving a C=C recon-
structed surface ready for reactions with the oxygen/water
molecules, this was also conducted in the preparation cham-
ber. The natural Ila diamond was placed on a resistively
heated sample holder alongside an UNCD film and a hot-
filament CVD grown polycrystalline sample for comparison.
This UNCD film incorporates grain sizes 10-30 nm (Ref. 33)
and from previous literature was expected to show a bulk
exciton peak position blueshift when compared to the single-
crystal samples. The polycrystalline film was 70-100 nm
thick with lateral grain sizes 20-50 nm and was hydrogen-
ated in the Astex reactor under the same conditions as the
single-crystal CVD samples. All samples were in situ an-
nealed to ~400 °C, in order to thermally desorb adventitious
surface contaminants, prior to any measurements using the
synchrotron. It should be noted that although different dos-
ings were performed on the same sample surface, the exact
history and order of these dosings are not expected to affect
each separate result, because the ~1000 °C anneal step be-
tween each subsequent dosing is known to produce a well
reconstructed, and atomically clean, crystal surface.’* Al-
though separate single-crystal samples could have been used
for each dosing experiment, it was considered more critical
for direct comparisons that the single-crystal NEXAFS spec-
tra were taken from the same single-crystal surface, in order
to eliminate crystal quality and defect-related effects.

III. RESULTS

Figure 1 displays the XPS spectra, recorded from all
samples and surface terminations and calibrated such that the
diamond C 1s peak sits at about 285 eV for each spectrum.
The three as-received sample scans [hydrogenated SC, hy-
drogenated polycrystal (poly) and UNCD] show some silicon
and oxygen contamination, most of which is expected to be
present in the form of silicon oxides. Markers of these can be
seen as Si(2s), Si(2p), and O(1s) photoelectrons. The recon-

125427-2



DIAMOND C 1s CORE-LEVEL EXCITONS: SURFACE...

PHYSICAL REVIEW B 82, 125427 (2010)

(a) C(1s) o(1s) (b) cis)
Si(2s) Si(2p) w
- UNCD | I;())/;::Irogenated
hot

5 Hydrogenated Poly
A

1

Reconstructed

x5 Reconstructed SC

Intensity (arb. units)

02 SC

|

s H20SC

45 200°C H20 SC

AN

Hydrogenated SC J

Hydrogenated
SC

200 400

Binding Energy (eV)

0 100

284 285 286
Binding Energy (eV)

500

FIG. 1. (a) XPS spectra at 600 eV excitation photon energy from various diamond samples, normalized to the C 1s photoelectron peak
area of each spectrum. Note the changes to surface-related impurity levels with different SC dosing treatments. (b) Zoom in of the C 1s

photoelectron peaks.

structed SC surface spectrum shows no trace of contami-
nants, while a shoulder of the C ls peak at around 284.2 eV
is consistent with the expected monolayer of sp? hybrid
bonded surface atoms, following the surface reconstruction.
Each of the O2, H20, and 200 °C H2O dosing procedures
included a similar 1000 °C anneal step, resulting in similarly
reactive and clean surfaces prior to dosing. Thus it can be
seen that the O2- and H20-related SC spectra can be used to
identify the coverage of oxygen following dosing of each
surface. Relative shifts in the C 1s binding energy were
monitored, as different shifts could affect the measured
NEXAFS peak positions from the different sample termina-
tions. However uncontrollable charging effects make any
such analysis extremely difficult from the XPS data, which is
quite sensitive to sample charging.

NEXAFS spectra were recorded in both PY and TY
modes for all prepared diamond surface terminations. The

bulk sensitive TY absorption spectra are shown normalized
in Fig. 2. Consistent with high-purity single-crystal diamond,
the bulk spectra display very little pre-edge structure, indi-
cating a low density of intraband unoccupied states. The
sharp core-hole exciton peak occurs at 289.25 eV and a well-
defined second absolute band-gap dip is seen at 302.4 eV.
From Fig. 2(b) it can be seen that despite the respective
spectra being recorded following different surface prepara-
tions and over a number of different days, the bulk exciton
peak position remained entirely invariant. Surface sensitive
PY spectra, as seen in Fig. 3(a), all show a similarly strong
diamond conduction-band structure and near-surface exciton
peak. This highlights the phase purity of the diamond crystal
structure all the way to the very surface. The PY spectra
include unoccupied states related to the surface termination
of each sample and provide a wealth of information on sur-
face bonding configurations, such as the clear C=C surface
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FIG. 2. (a) NEXAFS spectra recorded in the 280-310 eV photon energy range in the TY mode from different terminated single-crystal
diamond surfaces. (b) Zoom in of core-level bulk exciton region, note the invariance of the exciton position to surface termination.
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FIG. 3. (a) NEXAFS spectra recorded in the 280-310 eV photon energy range in the surface sensitive PY mode from different terminated
single-crystal diamond surfaces. (b) Zoom in of core-level bulk exciton region, note the varying blueshifts with different surface

terminations.

reconstruction signature following 1000 °C heating. Figure
3(c) shows the family of these unoccupied pre-edge peaks.
Since each SC spectrum was taken from the same crystal
surface and controllably dosed, these peaks can be unam-
biguously assigned to identifiable surface terminations. A fo-
cused study of these peaks will be presented elsewhere.
When viewed closely [Fig. 3(b)] the near-surface exciton
peaks from these samples appear to be broader than their
bulk counterparts, and the peak positions (Table I) also dis-
play a termination-dependent blueshift, with the oxygen-
related terminations and reconstructed surface producing, re-
spectively, higher energy near-surface exciton peak positions
than for the purely hydrogen-terminated single-crystal dia-
mond surface. Of note is the exciton peak from the
hydrogen-terminated surface which appears to be only about
0.03 eV higher in energy than its counterpart measured in the
bulk. The three different surface treatments which are ex-
pected to result in some form of oxygen termination, namely,
different water and oxygen exposures following surface re-
construction, appear to produce a relatively consistent exci-
ton position. Here it should be stressed that the bulk and

near-surface exciton signals were measured simultaneously
in all cases. The bulk signals were also independently veri-
fied by simultaneously measuring the total yield with both

TABLE I. Diamond C 1s near-surface exciton peak positions for
different SC surface terminations.

Diamond C 1s near-surface exciton

Peak position

Sample surface (eV)

Hydrogenated SC 289.23
200 °C H20 treated SC 289.25
H20 treated SC 289.28
02 treated SC 289.30
Reconstructed SC 289.31
Hydrogenated poly 289.30
UNCD 289.34
Diamond C 1s bulk exciton 289.20
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FIG. 4. (a) Comparison of bulk (TY) and surface (PY) NEXAFS spectra in the 280-310 eV photon energy range from a reconstructed
single-crystal surface and the bulk spectrum from a UNCD film. (b) Zoom in of core-level bulk exciton region, note the similarity of the
UNCD bulk signal to the single-crystal surface signal following thermally induced reconstruction.

the drain current and with the analyzer set to 8 eV secondary
electrons while the surface signals were verified by measur-
ing the partial yield with both a retarding field analyzer at
200 eV as well as the hemispherical analyzer set to the car-
bon Auger position of around 265 eV. This gives confidence
that the recorded shifts, while small, are real.

The NEXAFs signal from the hydrogenated polycrystal-
line sample (Fig. 3) appears to be blueshifted at first glance,
however upon closer inspection the exciton peak shape is
irregular (flat) with some component near the hydrogenated
SC position and higher energy components out to around the
same position as the reconstructed SC surface.

The NEXAFS signal from the UNCD sample was re-
corded in bulk (TY) mode, and is compared with the bulk
(TY) and surface (PY) signals from the ~1000 °C annealed
single-crystal CVD diamond in Figs. 4(a) and 4(b). As can
be seen in Fig. 4(a) the UNCD bulk spectrum shows a sig-
nificant pre-edge feature at 285 eV, usually associated with
sp*-related 7" resonances. The CVD surface spectrum shows
a significant peak at 284 eV indicating hybridized sp* bond-
ing associated with a surface reconstruction. These different
pre-edge features indicate that the exact nature of the chemi-
cal bonding at the vacuum and grain-boundary surfaces of
these diamonds are not identical. Despite this, the UNCD
bulk exciton peak characteristics and conduction band show
a remarkable similarity with the “surface” scans from the
reconstructed single-crystal sample [Fig. 4(b)], with the
UNCD bulk exciton peak position being slightly blueshifted
and broadened when compared with the reconstructed SC
near-surface exciton. The reconstructed SC bulk exciton and
hydrogenated polycrystalline diamond surface are also
shown in these figures for comparison.

IV. DISCUSSION

The position and width of the near-surface exciton peaks
recorded from the surfaces of single-crystal diamonds seem
to be affected by surface termination, with the hydrogen-
terminated surface displaying the smallest shift (relative to
the bulk exciton) and the reconstructed surface displaying

the largest blueshift and broadest peak width. Although it
should be stressed that these are near-surface exciton peaks,
not surface excitons at about 284 eV,32 but are bulk excitons
originating from carbon atoms close (~1 nm) to the dia-
mond surface. Possible causes for these perturbations of the
C 1s core exciton include exciton lifetime changes due to
modification of the near-surface phonon spectrum and band
bending known to occur near the surface (Fig. 5). The ex-
cited carbon atom’s C 1s core level also lies spatially in the
near-surface region, so any effect from band bending on the
measured C ls core exciton peak will only be observed if
that core level is effectively screened from the band bending.
Due to the finite size of the exciton wave function, and the
potential gradient inside a band-bending region, the near-
surface exciton peak would also be expected to broaden, if
this effect was dominant. Although ensemble peak broaden-
ing is seen, the direction and magnitude of known band
bending for hydrogen and oxygen terminated surfaces (order
1 eV) does not seem to be reflected in the exciton peak shifts
measured here (order 0.1 eV). This may be due to a number
of factors, not least of which could be photoinduced band
bending initiated by the probing x rays. The resulting ordi-
nary electron-hole pairs would likely react differently to the
different surface terminations and provide a varying effect
for each surface. Attempts to directly measure the C 1s core-
level position, near the surface, with XPS did not yield any

Conduction band min.

W\

Valence band max.

‘bulk’ Exciton ‘near-surface’ Exciton

R — J———

C(1s)

FIG. 5. Diagrammatic representation of the effect of band bend-
ing on core-level exciton energies measured in diamond in the bulk
and near-surface regions, assuming no change in the C 1s core level
near the surface.
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useful information, due to unrecoverable charging-induced
variations in the XPS spectra.

The magnitude of the measured energy shifts suggest no
change in the binding model of these measured bulk exci-
tons, at least in the loosely bound “final state” measured by
NEXAFS. The relaxation to the tightly bound exciton state
may be more affected by the surface proximity and termina-
tion, although this is not probed in this experiment.

It can be seen that the largest recorded blueshift from a
(100) single-crystal surface is measured following full recon-
struction. This is known to produce a hybridized sp? type
bonding on the surface, with some similarity to the sp* hy-
bridized shells and grain boundaries seen in various nanodia-
mond films. If we consider that the bulk NEXAFS data from
the UNCD film mainly originates from near-surface carbon
atoms, then it may be expected that the UNCD bulk exciton
spectra will look similar to the “near-surface” excitons near
reconstructed single-crystal diamonds. As can be seen in Fig.
4(b) there is a remarkable similarity between the UNCD
‘bulk’ exciton and the near-surface single-crystal exciton fol-
lowing surface reconstruction. Similarly the small-grain
polycrystalline sample is expected to have hydrogen-
terminated sp> surface components as well as interfaces be-
tween sp°® grains and sp’-like grain boundaries. This seems
to be reflected in a broad and flat exciton peak with some
lower energy components near the hydrogen-terminated SC
exciton peak, as well as some high-energy component near
the reconstructed SC peak energy. Thus it can be seen that
the UNCD exciton, even when measured in the bulk mode
(TEY) could more suitably be referred to as a near-surface
exciton for comparisons with single-crystal surface scans.

It should be noted that the maximum near-surface exciton
shift observed in these experiments is approximately 0.15 eV,
which is less than some of the previously published blue-
shifts for nanodiamonds. This leads to the possibility that
observed signatures of quantum confinement in suitably
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small crystals should be deconvolved from contributing sur-
face termination effects, or that for small enough nanocrys-
tals the surface termination effects might be strengthened as
the effective surface area increases, thus producing a mis-
leading indication of quantum confinement.

Due to the small shifts involved, and the closeness of
some pre-edge features to the conduction-band edge, it is
difficult to determine if the magnitude of the exciton binding
energy itself is being affected in these crystals, or if the en-
tire conduction-band edge moves. The latter would be con-
sistent with band bending.

V. CONCLUSION

By carefully measuring high-resolution NEXAFS spectra,
near-surface diamond C 1s core-level bulk excitons (near-
surface excitons) are shown to be sensitive to the surface
termination of each crystal. Blueshifting as well as spectral
broadening were measured for a range of surface termina-
tions, most noticeably following surface reconstruction to
hybridized sp®. Due to the near-surface proximity of all con-
stituent carbon atoms, this effect is suggested to dominate the
bulk core exciton blueshift results from some nanocrystal
experiments, especially for crystals larger than 2 nm, effects
which could be misinterpreted as quantum confinement.
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