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Surface-Mediated Charge Transfer of Photogenerated

Carriers in Diamond
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Karsten Hinrichs, Thomas Unold, Thomas Dittrich, and Tristan Petit*

Solvated electrons are highly reductive chemical species whose chemical
properties remain largely unknown. Diamond materials are proposed as a
promising emitter of solvated electrons and visible light excitation would
enable solar-driven CO, or N, reductions reactions in aqueous medium. But
sub-bandgap excitation remains challenging. In this work, the role of surface
states on diamond materials for charge separation and emission in both
gaseous and aqueous environments from deep UV to visible light excitation is
elucidated. Four different X-ray and UV-vis spectroscopy methods are applied
to diamond materials with different surface termination, doping and
crystallinity. Surface states are found to dominate sub-bandgap charge
transfer. However, the surface charge separation is drastically reduced for
boron-doped diamond due to a very high density of bulk defects. In a gaseous

1. Introduction

Surface states in the bandgap of semi-
conductors have a decisive influence on
the performance of electronic and pho-
toelectric devices. In conventional semi-
conductors such as silicon, the density of
surface states can be drastically reduced
by surface passivation, i.e., by creating
new chemical bonds that move electronic
trap states out of the bandgap deep into
the valence band (VB) and/or conduc-
tion band (CB)."?! Diamond is a semi-
conductor with an ultra-wide bandgap
of 5.47 eVBl and, in contrast to silicon

atmosphere, the oxidized diamond surface maintains a negative electron
affinity, allowing charge emission, due to remaining hydrogenated and
hydroxylated groups. In an aqueous electrolyte, a photocurrent for
illumination down to 3.5 eV is observed for boron-doped nanostructured
diamond, independent of the surface termination. This study opens new
perspectives on photo-induced interfacial charge transfer processes from

metal-free semiconductors such as diamonds.
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surfaces, surface termination with atoms
such as H, O, N, and F leads to electronic
states within the bandgap.[** Therefore,
diamond surfaces have a density of elec-
tronic states directly correlated to the
surface termination that can be excited
with light. This particularity opens great
opportunities for achieving photoexcita-
tion of charges at defined energies below
the diamond bandgap by controlling the
surface termination. Sub-bandgap states can be further engi-
neered by doping (e.g., N, P, and B),l®] and nanostructuring the
surfacel’1 or using nanoparticles,!!l offering higher surface
area.

Charge transfer of photogenerated carriers in diamond drives
many applications in electronics,!'?] brain implants,['*1¢ en-
ergy conversion,['”18] quantum sensing and computing,'®! and
(photo)electrochemistry.2>-22] These applications rely on charge
transfers such as photoexcitation and photoemission in vacuum,
gas or aqueous electrolyte. For instance, diamond electrodes were
shown to produce photocurrents induced by the excitation in
the UV and the visible range.['>?>?’] In particular, H-terminated
boron-doped diamond combines the chemical stability of dia-
mond and a high conductivity induced by doping with a nega-
tive electron affinity (EA) of the surfacel?®] enabling the emission
of solvated electrons that can be used for photo-induced chem-
ical reduction of nitrogen!?! and carbon dioxide molecules.!”:3"]
Recently, the emission of solvated electrons in water under both
UVBH and visible light'!l excitation has been demonstrated
through transient absorption. However, H-terminated diamonds
suffer from oxidation in air and water, which is thought to hin-
der their emission properties,*?] as oxygen-terminated diamonds
are known to have a positive EA in vacuum.[?®! Several hypothe-
ses involving surface states and dopant-related transition levels

© 2023 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 1. Schematic of charge transfer processes across a diamond surface detected by a) X-ray absorption spectroscopy, b) photoelectron yield spec-
troscopy, and c) surface photovoltage spectroscopy, and d) photocurrent spectroscopy.

have been formulated to explain low-threshold electron emission
in vacuum®®?! and in water.['*! Yet, a direct correlation between
material properties and the light excitation, charge separation,
and emission pathways is still lacking. Surface and defect states
are often non-emissive and difficult to characterize by standard
photoluminescence measurements, especially in the broad en-
ergetic range corresponding to the diamond bandgap. However,
light-induced transitions from surface states into ultra-high vac-
uum, gas or electrolyte can be probed using photoelectric mea-
surements.

In this work, four spectroscopy methods were combined to elu-
cidate the role of surface states on the charge transfer of photo-
generated carriers in diamond (Figure 1): X-ray absorption spec-
troscopy (XAS), photoelectron yield spectroscopy (PYS), surface
photovoltage spectroscopy (SPV) and photocurrent spectroscopy
(PCS). Synchrotron-based XAS uses X-rays to excite resonantly
the transitions from the C 1s core electrons of diamond to un-
occupied surface states, as shown in Figure 1a. This technique,
which is element specific and highly surface sensitive,**] al-
lows a precise characterization of the surface termination of the
diamond.3*35] PYS collects the photoelectrons emitted from the
surface in a nitrogen atmosphere upon UV-vis light absorption
as shown in Figure 1b.13*] The EA of the surface is derived from
the emission onset according to the surface termination given
by XAS. SPV probes the separation of charge carriers upon ex-
citation in air,[’”*®] as shown in Figure 1c. The energy of these
excitations is directly correlated with the energy levels of the un-
occupied surface states provided by XAS and the emission of elec-
trons given by PYS. Finally, PCS probes the emission of charges
in an aqueous electrolyte upon monochromatic photoexcitation
(Figure 1d). The diamond is used as the working electrode (WE)
in a photoelectrochemical cell. PCS provides information on the
effect of the electrolyte and is particularly relevant for practi-
cal (photo)electrocatalytic applications. When the quantum effi-
ciency is computed, PCS is also referred as Incident Photon to
Current Efficiency (IPCE).*”) The diamond materials properties
affecting photoexcitation and charge transfer processes are in-
vestigated by comparing diamond materials with different sur-
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face terminations, doping, and surface nanostructuration. More
precisely, nanostructured boron-doped diamonds, referred to as
diamond black (DB),”] and (100) single crystal diamonds (SC)
are compared. The intrinsic SC provides a well-defined system,
while the DB is more relevant for practical applications. DB are
produced from a 5 um thick boron doped diamond (~10%! cm?)
films grown by CVD on a silicon wafer. The film is then etched
in an oxygen plasma with a mask of nickel nanoparticle leading
to coral-like structure with the diamond grains still being distin-
guishable. The nanopillars obtained are hundreds of nanometres
high and have a diameter of only few tens of nanometres. More
details can be found elsewhere.l”] DB offers an increased effec-
tive surface area, and its synthesis can be upscaled. Surface ox-
idation and its influence on charge transfer and emission have
been studied by comparing H-terminated surfaces, referred to
as H-SC and H-DB, with oxidized surfaces, referred to as O-SC
and O-DB. After presenting the results obtained by each method,
the correlative analysis of these diamond materials with the four
complementary methods enables the drawing of a unified pic-
ture of the role of surface states on charge transfer processes at
the diamond-air and diamond-water interfaces.

2. Results

2.1. Unoccupied Electronic States Related to Diamond Surface
Termination

Figure 2 shows the X-ray absorption spectra at the C K-edge of the
different diamond samples. The characteristic diamond features,
including a large absorption above 289.5 eV due to the excitation
of the core C 1s electrons to the CB of the diamond and a dip at
302.5 eV corresponding to a second absolute gap in the diamond
band structurel’] are observed for all samples. The sharp peak at
289.3 eV associated with transitions to the core exciton, which can
be used to determine the CB minimum of the diamond by adding
the energy of the core exciton measured elsewhere (x0.19 eV),[*1]
as schematized in the Figure 1a. This core exciton is almost
not observed on the DBs, especially on the O-DB, because the
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Figure 2. X-ray absorption spectra measured by electron yield (EY) at the
C K-edge a) for a hydrogenated and oxidized diamond single crystal (H-SC
and O-SC, solid blue and red lines, respectively) and for hydrogenated and
oxidized diamond black (H-DB and O-DB, dashed blue and red lines, re-
spectively). Spectra are normalized to their maximum and shifted for clar-
ity. The intra-bandgap unoccupied states are highlighted in (b). The upper
energy scale is referenced to the VB maximum (VBM), which is 5.47 eV
below the CB minimum (CBM). The CB minimum is determined by the
position of the core exciton (289.2 eV) ~0.19 eV below it.

surface crystal structure is strongly distorted by the nanostructur-
ing and oxidation. The absorption features seen below are due to
the excitation of C 1s electrons to unoccupied surface states with
energies that lie within the diamond bandgap (see Figure 1a).
The absorption at 285.2 eV is attributed to the C(1s) — #{ _ -
transitions from sp? carbon bonds found in surface defects(**!
induced by oxidation or nanostructuring of the surface.[**! The
absorption at 286.5 eV is attributed to C(1s) — z. _ , transitions
from carbonyl groups.*! The signal at 287.8 eV was previously
assigned to the C(1s) — ¢ transition of carbon atoms bonded to
hydrogen atoms.[**) Finally, the shoulder at 288.7 €V is related to
carbon atoms bonded to hydroxyl group.[“¢!

Figure 2b compares the intensity of the pre-edge features. The
H-SC surface shows only C—H surface groups, almost no sp?
carbon bonds and no oxygen-containing surface groups as con-
firmed by the O K-edge XAS (Figure S1, Supporting Information)
and XPS at the C 1s and O 1s (Figure S2 and S3, Supporting
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Information). In contrast, the O-SC has a stronger sp? carbon
signal and clear oxygenated groups, which consists of both car-
bonyl and hydroxyl groups. Despite the chemical oxidation of the
surface, C—H groups are partially preserved, as confirmed by IR
measurements (see Figure S4, Supporting Information). Expo-
sure of the H-SC surface to water and UV leads to a similar oxi-
dation of the surface with a larger proportion of hydroxyl groups
compared to carbonyl groups (see Figure S5, Supporting Infor-
mation), as previously reported on nanodiamonds.[*’! The H-DB
shows some sp? carbon content from defects induced by surface
nanostructuring and/or grain boundaries. A strong contribution
from hydrogenated groups (x25%) and some minor ones from
hydroxyl (~3.5%) and carbonyl groups (=5%) are also detected
(see Figure S3 and Table S2, Supporting Information). The O-
DB sample, on the other hand, shows mainly hydroxyl and car-
bonyl groups (x7.8% for both). Compared to the O-SC sample,
more hydroxyl groups are observed. Most intriguingly, the DB
surface also absorbs ~284 eV, possibly assigned to carbon dimers
induced by surface reconstruction,!*8] boron-related defects, or
silicon-related defects since the DBs are grown on silicon wafers.

The energy of the surface states in the diamond sub-bandgap
region can be extracted by estimating the position of the CB mini-
mum from the core exciton. Their energy relative to the diamond
VB maximum, considering a bandgap of 5.47 eV, is given by the
upper scale in Figure 2b. The position corresponds to the VB on-
set reported for X-ray emission spectroscopy at 284.1 eV.[*}]

2.2. Electron Affinity in Nitrogen Atmosphere

The surface termination of diamond has a direct influence on
the EA of the surface due to the dipoles created by the terminat-
ing chemical bonds, which in turn affects the emission of elec-
trons. For example, H-terminated diamonds are known to have
a strongly negative EA in vacuum, reaching up to —1.3 eV.[284]
On the other hand, oxygen-terminated diamonds often have a
positive EA due to the strong electronegativity of the carbonyl
group.[?®! The EA of diamond surfaces can be derived from
the measured onset of the photoelectron yield.[**>!l In the case
of diamond, excitation occurs from VB electrons, as shown in
Figure 1b. Near the emission onset, the photoelectron yield Y(hv)
can be approximated by: Y(hv)x(hv — E,)?, where hv is the en-
ergy of the incident photon and E; the ionization energy of the
surface.l’?l The ionization energy of the surface is thus deter-
mined by a linear fit of the Y(hv)!'/® onset as shown by the thin
solid lines in Figure 3 and summarized in Table 1. The EA is de-
termined as the difference between the ionization energy and the
bandgap (5.47 eV).

As expected, H-SC has a very strong negative EA of —0.82 eV.
The chemically oxidized sample O-SC also has a negative EA, al-
beit smaller, of —0.45 eV, which is related to residual C—H groups
and the presence of hydroxyl groups, clearly observed by XAS and
IR (see Figure S1, Supporting Information). Compared to H-SC
(O-SC), H-DB (O-DB) has a reduced negative EA of —0.36 eV
(=0.17 eV), probably due to an increased number of defects as
the doping state has little effect on PYS (see Figure S6, Support-
ing Information). Nevertheless, all these measurements show
that even after partial oxidation of the diamond surface, the pres-
ence of hydroxyl groups and remnant CH groups is sufficient to
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Figure 3. Photoemission spectra Y(hv)'/3 for H-SC (solid blue), H-DB
(dashed blue), O-SC (solid red), and O-DB (dashed red). The vertical
dashed line corresponds to the bandgap of the diamond at 5.47 eV, while
the thin solid lines represent the linear fits.

maintain a negative EA, in agreement with previous work per-
formed in vacuum.33! This is highly relevant for practical appli-
cations in aqueous electrolytes as we will discuss in Section 3.5.7!
In addition, H-SC shows an emission decrease at 5.12 eV that
is not observed in the other samples. Correlated with SPV and
PCS measurements, this dip is associated with the excitation of
a strongly bound exciton, which will be discussed in more detail
in the discussion.

In parallel, the work function (¢) of the surface is measured us-
ing the Kelvin probe technique. The position of the Fermi level
(Ep) relative to the VB maximum (E,;,,) at the surface can be
determined by E; — Eypy = ¢ — E;. These measurements are
summarized in Table 1. For boron-doped DB, the Fermi level is
measured to be close to the VB maximum as expected and ob-
served since the boron acceptor levels are 0.36 eV above the VB
maximum.>*%) More surprisingly, the Fermi level of the intrin-
sic SC also appears close to the VB maximum, either due to resid-
ual impurities in the crystal or strong surface band bending. The
work function measured on O-SC gives E; — Eyz, > 0 which
means that the Fermi level is below the VB maximum. This can
be explained by either an upward surface band bending, or a neg-
ative surface dipole associated with the O-surface termination, or
both.

www.small-methods.com
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Figure 4. SPV spectra of H-SC (blue solid line), O-SC (red solid line), H-DB
(blue dashed line), and O-DB (red dashed line), measured by the Kelvin
probe technique.

2.3. Separation of Photogenerated Charge Carriers

SPV measurements characterize the separation of photogener-
ated charge carriers in the sample. Following the absorption of
photons, electron-hole pairs are generated in the sample and may
separate due to asymmetric trapping at surface states, drift in
built-in electric fields, etc. By measuring the contact potential
difference (— ACPD) between the sample and a reference elec-
trode in the dark and under light illumination, it is possible to
define — ACPD = CPDy,;,, — CPDy, (convention: the SPV is de-
fined as the negative change of the ACPD) which characterizes
charge separation in the sample. Figure 4 shows the spectra of
— ACPD measured on the samples H-SC, O-SC, H-DB, and O-
DB. The spectra were measured starting from the lowest photon
energy. The values of — ACPD start at +0.38, —0.22, 4+0.59, and
+0.33 V for H-SC, O-SC, H-DB, and O-DB, respectively. The ox-
idized diamond surfaces are more negative compared to the hy-
drogenated diamond surfaces because of the additional negative
surface dipole due to the oxygen bonds. This is also reflected in
the different EAs in the PYS measurements. The difference is
smaller for the DB samples because the very high density of de-
fect states mitigates the influence of surface oxidation on the ini-
tial contact potential difference. In addition, the doping increases
the positive surface polarization, which is also observed on boron-
doped SC (see Figure S7, Supporting Information).

Table 1. Surface work function ¢ measured by Kelvin probe, ionization energy E; determined by PYS, electron affinity EA, and position of the Fermi level

relative to the VB maximum.

Sample ¢ (+0.04 eV) E (+0.03eV) EA (+0.04 eV)? Er — Eygy (+ 0.04 eV)?
H-SC 4.51 4.65 —0.82 -0.14

O-SC 5.12 5.02 —0.45 0.1

H-DB 5.08 5.11 —0.36 —0.03

O-DB 4.89 5.30 -0.17 —0.36

YEA = E; —E, with £, = 4.7 eV the diamond bandgap; ” E; — Eygy = ¢ — £;
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Figure 5. Photocurrent spectra of H-SC (solid blue line), O-SC (B) (solid
red line), H-DB (blue dashed line), and O-DB (blue dashed line). The po-
tential of the WE (diamond) is set to —0.3 V versus Ag|AgCl in 3 M KCI.

Transition energies in — ACPD spectra are determined by the
conventional approach. A change in the slope of — ACPD toward
more positive (negative) corresponds to the onset of a transition
leading to a net separation of electrons (holes) toward the bulk
or of holes (electrons) toward the surface. Linear fits near the
transitions and second derivative help determine when the slope
of — ACPD changes giving a good approximation of the transi-
tion energies as shown in Figure 6 (blue curves) in Section 5.
By far the largest number of features was observed in the spec-
trum of — ACPD for O-SC. The number of transitions observed
and their amplitude is much more important for the SCs than
for the DBs because doping increases charge mobility and re-
combination. The same has been observed on boron-doped SC
(see Figure S7, Supporting Information). The appearance of addi-
tional transitions for O-SC compared to H-SC can be interpreted
as the appearance of transitions involving surface states, since
surface oxidation is unlikely to affect bulk states (such as defects,
etc.). The origin of the transition will be further discussed in the
next section by combining the four different measurement tech-
niques.

2.4. Photo-Induced Charge Transfer into an Aqueous Electrolyte

Charge transfer into an aqueous electrolyte is characterized by
the photocurrent resulting of the monochromatic illumination of
the diamond samples as shown in Figure 5. For O-SC, a boron-
doped SC, referred as O-SC (B), was used because the resistance
of the oxidized intrinsic SC was too high for photocurrent mea-
surements. A positive photocurrent corresponds to the transfer
of negative charges from the diamond to the electrolyte. As men-
tioned above, negative charges can be transferred to the elec-
trolyte by the emission of solvated electrons.['!] Although no re-
dox reaction is observed in the CV curves at the working potential
(see Figure S8, Supporting Information), even under illumina-
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tion, a photo-induced reaction of the adsorbate or surface group
cannot be excluded.

Above the bandgap, a strong photocurrent increase observed
for the SC is attributed to band-to-band excitation, suggesting di-
rect emission of electrons from the CB into the electrolyte.*”] At
this stage, we do not have further information about the solva-
tion state of the emitted electron or possible chemical reaction
with dissolved species in the electrolyte. In any case, an electron
transfer leading to a strong photo-induced current is clearly evi-
denced. For the DB, no clear increase is observed, possibly due
to the strong sub-bandgap photocurrent. The four samples show
significant photocurrent for sub-bandgap excitation. In contrast
to PYS in nitrogen atmosphere, the photocurrent starts for exci-
tation down to 3.5 eV. The sub-bandgap photocurrent of DB is
much larger than that of SC, which can be attributed to the in-
creased surface area due to nanostructuring, resulting in a higher
density of surface states and an increased diamond-water inter-
face. The photocurrent decrease observed for H-SC is correlated
with the decrease observed in PYS and is also attributed to the
excitation of strongly bounded excitons, which will be discussed
in more detail below.

3. Discussion

3.1. Correlative Spectroscopy of Photoexcitation in Diamond

A comparison of the spectra obtained from the different tech-
niques is shown on a unified scale in Figure 6. The X-ray absorp-
tion features related to resonance exciton absorption, 0.19 eV be-
low the CB minimum, provides a reference to position the energy
of the unoccupied surface states within the bandgap. The posi-
tion of the unoccupied surface states can then be correlated to
the SPV transition to identify their nature. Transitions are labeled
with letters A through H depending on their identified origins,
and with a number index if several transitions with the same ori-
gin are observed at different energies (Table 2). Unidentified tran-
sitions are marked with an asterisk. In correlation with PYS and
PCS, these transitions provide new insights into the role of sur-
face states in the charge transfer of photogenerated carriers. In
the following, we discuss the different types of transitions based
on their origin.

3.2. Phonon-Assisted Excitons

First, the excitonic transitions that are not directly related to sur-
face states are discussed. The transitions G (see Figure 6 and
Table 2) are related to transitions of VB electrons to an indirect
exciton state in the bulk of the diamond, which is associated with
the absorption or the emission of phonons. Similar to the exciton
observed in XAS, it corresponds to an electron excited in the CB
that is bound to the hole. But here, the hole is located in the VB
and not in the C 1s energy level as for XAS. Exciton-related tran-
sitions are not observed on the DB due to the fast recombination
or lack of phonon coupling due to defects and surface nanostruc-
tures.

Figure 7 shows a close-up measurement with the first and sec-
ond derivative of — ACPD. The energies of the transitions G, and
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Figure 6. Comparison of XAS (black), PYS (red), PCS (green), and SPV (blue) for a) H-SC, b) O-SC, c) H-DB, and d) O-DB. The X-ray photon energy
of the XAS is shifted to match the position of the CB minimum. Energy regions corresponding to unoccupied surface states determined by XAS are

indicated by the colored area. Transitions identified by SPV are summarized in Table 2.

Table 2. Transition energies in samples H-SC, O-SC, H-DB, and O-DB, and assignments from the combination of XAS and SPV.

Transition label

Surface charge?

Transition energy [eV]

Transition origin

H-SC O-SC H-DB O-DB

Ay 0.7 VB = 7l _
A, 1.35-1.85 VB -z _¢
B, + 0.85 C—OH — CB
B, + 1.05 C—OH — CB
B + 1.35 C—OH - CB
G 2.25 VB -z,
G - 2.65 VB - xi_,
G - 3.0 VB = 7l _ o
c, - 33 VB 1l _
D, - 3.65 3.25 VB - %,
D, - 4.80-5.20 5.20 VB — ol

E, - 4.2 VB = o¢_o,
E, - 48-5.0 VB = o7,

F + 4.35-4.65 4.4 4.5-4.7 4.45-4.8 C—H - CB
G, —/+ 5.27 5.27 E, ~E, — hviopia
G, - 532 E, —E, — vy
G, - 5.53 E, —E, + hviop1a
H /- 5.6 5.6 E, +hvro

* The surface charge refers to the sign of the charge preferentially moving toward the surface of the sample and is determined by the change in the — ACPD slope.
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Figure 7. SPV (black) and its first (red) and second derivatives (blue) for a)
H-SC and b) O-SC in the bandgap region. Vertical dashed lines represent
relevant transition energies. Transitions identified by SPV are indicated by
letters corresponding to Table 2.

G, are E, —E, + hv,,,;, where E,, E,, and hv,,;, are the ener-
gies of the bandgap (5.47 eV), of the indirect exciton (0.07 eV)
and of the longitudinal optical and acoustic phonons (0.132 eV),
respectively.’] The energies of the transition G, is E, —E, —
hvr,, where hvy, is the energy of the transversal acoustic phonon
(0.083).3] These phonon-assisted transitions and excitons have
already been observed by the SPV technique.*”3® The surface
termination seems to influence the phonon coupling as G, is ob-
served on O-SC only and G; on H-SC only. An exciton, being a
bound state between an electron and a hole, can be measured by
SPV only if it dissociates before recombining so that the charges
can move apart. G, and G, are particularly visible for O-SC (see
Figure 7a), indicating significant exciton dissociation with pref-
erential hole and electron trapping in surface states respectively.
In contrast, G, and G; are much weaker for H-SC, but still no-
ticeable in the second derivative of — ACPD (see Figure 7b, blue
curve), indicating little dissociation of the exciton prior to recom-
bination. This time, the dissociation of both excitons leads prefer-
entially to electrons trapped at the surface. The surface termina-
tion seems to strongly influence the exciton dissociation process.

The strongly bound exciton state observed on H-SC, prevents
the emission of charges as it is hard to dissociate. The excitation
G, at 5.27 eV correlates very well with the decrease in charge
emission observed in PYS and PCS (see Figure 6a). The same
process could happen for the transition G;, which could explain
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why the photocurrent increases strongly only after 5.6 eV and not
after 5.47 eV, but the overlap with the excitation of free electrons
in the CB makes it more difficult to discuss. Note that this effect
disappears when the surface is partially oxidized, as shown in the
PYS measurements made on the same diamond sample after ex-
posure to water and UV (see Figure S9, Supporting Information).

3.3. Excitation above the Bandgap

The charge displacement after excitation above the bandgap en-
ergy is not obvious in the SPV measurements because it starts in
the same energy range as the excitons mentioned above. In SC,
the transition H can be observed at the energy E, + hv;, where
E,, and hvy, are the energies of the bandgap (5.47 eV), and the
transverse optical phonons (0.143 eV), respectively.*] This transi-
tion is very weak for H-SC and seems to be associated with elec-
trons preferentially moving to the crystal bulk while H is very
strong on O-SC and associated with electrons preferentially mov-
ing to the crystal surface. This may indicate a different band bend-
ing direction between the two surface terminations, but further
study is needed. To investigate further the charge separation for
excitation above the bandgap, transient SPV has been acquired
(Figure S10, Supporting Information). Transient SPV allows the
monitoring of the surface polarization as a function of time after
the laser pulse excitation for photon energies between 5.6 and
5.9 eV, hence above exciton and phonons related transitions. The
transient SPV confirms that free electrons excited to CB prefer-
entially go toward the surface for all the samples. This is coher-
ent with the electron transfer to the gas atmosphere or electrolyte
clearly observed at these energies by PYS and PCS, respectively.
As in PYS, such excitation can lead to electron emission due to
the negative EA of the surfaces. In SPV, however, no bias poten-
tials are used, leading to an accumulation of negative charges at
the surface of the crystal.

3.4. Sub-Bandgap Charge Transfer

Transitions from occupied surface states in the bandgap to the
CB are identified for excitation energies below 5.47 eV. For such
transitions, the charge separation leads to a positive polarization
of the surface, characterized by SPV (see Table 2). This is the
case of the transitions B and F, corresponding to the excitation of
occupied C—OH and C—H states, respectively. Indeed, the tran-
sitions B; and B,, observed on O-SC at 0.85 and 1.05 eV (see
Figure 6b), and the transition B, observed on O-DB at 1.35 eV
(see Figure 6d), are not observed on H-SC and H-DB. Their en-
ergies are close to the difference between the unoccupied of._ |
state and the CB minimum, so they probably arise from the exci-
tation of these partially occupied surface states. The transition F
generates the strongest SPV signals, observed for samples H-SC
and H-DB %4.5 eV, and corresponding to a variation of 0.206 V
and 0.177 V, respectively (see Figure 6a,b). The similar onset en-
ergies and the similar high positive SPV signals provide evidence
that the charge separation is caused by charge transfer across the
diamond surface and that the bulk diamond has negligible in-
fluence on the charge separation. Transition F is also observed
on the oxidized samples with a much weaker intensity, which is
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Figure 8. Charge transfer processes across a H-terminated diamond surface mediated by surface states in air a) before and b) after oxidation and in
c) water derived from the combination of XAS, PYS, PCS, and SPV. The position of the vacuum level is determined by the onset of the PYS emission.
Unoccupied surface states are determined by XAS and shown in white. Occupied states are derived from SPV measurements and shown with hatches.
In water (c), the unoccupied surface states have not been measured and are shown schematically.

consistent with the remaining CH groups observed by XAS. Al-
though XAS cannot access occupied states, recent calculations on
(100) boron-doped diamonds predict the presence of such occu-
pied surface states within the diamond bandgap. These surface
states have energies between 0.7 and 1.7 eV below the CB min-
imum for hydroxylated surfaces, and up to 2.8 eV below the CB
minimum for hydrogenated surfaces.’) The transitions B and F
identified here are consistent with both the energy position of
these states and their origin.

In contrast to the previous transitions, A, C, D, and E lead to
negative surface polarization (see Table 2) and can be attributed
to the excitation of VB electrons to unoccupied surface states.
These states are characterized by XAS and the energy correla-
tion on the Figure 6 (see colored energy ranges) enables to de-
termine the origin of the transitions. Transitions A, from 0.7 eV
to 1.85 eV, correspond to the excitation of the x; _ . unoccupied
states of sp? carbon and are superimposed with the transitions
B (see Figure 6b). These transitions are only observed on O-SC,
which correlates well with the small amount of sp? carbon defects
detected on H-SC by XAS. More surprisingly, they are not ob-
served on DB despite a large amount of sp? carbon defects. In DB,
the boron doping increases the recombination rate of the charges
so that the SPV cannot detect the charge separation, which is
also observed on boron-doped SC (see Figure S7, Supporting In-
formation). Transitions C, observed on O-SC at 2.25, 2.65, and
3.0 eV (see Figure 6b), and O-DB at 3.3 eV (see Figure 6d), cor-
respond to the excitation of unoccupied o7, _  states. The transi-
tion D,, clearly observed at 3.65 eV on H-SC and 3.25 eV on H-
DB, is attributed to the excitation of unoccupied ol_,, states (see
Figure 6a,c). The transition D,, observed ~5 eV on these samples,
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is very similar and likely due to the excitation of VB electrons
to C—H related surface states. However, it is difficult to corre-
late this transition with XAS because of the predominance of the
carbon absorption edge. The observed shifts and intensity varia-
tions between both samples are attributed to surface defects and
different C—H boundary environments on H-DB, as evidenced
by broader XAS features. Finally, transitions E; and E,, only ob-
served on O-SC between 4.2 and 5.0 eV, corresponds to the exci-
tation of unoccupied o{_,, states (see Figure 6b). They are not
observed on O-DB nor doped SC (see Figure S7, Supporting In-
formation), for the same reason as the transitions A.

3.5. Role of Surface Termination on Charge Emission from
Diamond Materials

The direct correlation between the different spectroscopy tech-
niques allows a description of the charge emission for the dif-
ferent diamond surface terminations. H-terminated diamonds
are known to be good electron-emitters due to the negative EA
of their surface. However, they suffer from oxidation in air and
water, especially when exposed to UV light, which is thought to
reduce their ability to emit electrons in liquid.*! To discuss this
issue, the different charge transfer processes identified in this
study are summarized in Figure 8 for an H-terminated diamond
surface exposed to air before a) and after oxidation b) and exposed
to an aqueous electrolyte c).

Surface characterization by XAS revealed that chemical oxida-
tion of the diamond results in a significant amount of carbonyl
groups, hydroxyl groups, and sp? carbon defects, but many C—H
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groups are retained. Thus, the surface EA in air, as measured by
PYS, is reduced by oxidation, but remains negative (Figure 8b).
The emission of electrons in air is strongly dominated by direct
ionization (dashed black arrows in Figure 8a,b). The onset is de-
fined only by the negative EA. Although the dipoles created by
the surface termination influence the negative EA of the surface
and the emission onset, the excitation of the surface state is not
directly involved in the emission.

SPV revealed that many surface states within the diamond
bandgap are photoactive, especially on the oxidized surface,
which shows different types of chemical bonds (blue arrows in
Figure 8a,b). VB electrons can be excited to unoccupied surface
states, well characterized by XAS, and electrons from occupied
surface states, predicted by calculations,®! can be excited to the
CB. Although characterized in air, the photoactivity of these sur-
face states is promising for visible light photoelectrochemical ap-
plications. It should be noted that the exact nature of the unoc-
cupied electronic states may vary upon interaction with the elec-
trolyte. In water, XAS performed on nanodiamonds shows a large
number of new vacancies that could be involved in charge trans-
fer with the liquid.**]

In an aqueous electrolyte, the onset of the photocurrent at
3.5 eV seems to correlate with the transition D, (excitation of
o._, states). Such a low onset is consistent with the emission of
solvated electrons and the photocurrent observed for excitation
below the diamond bandgap.[!113%¢] Furthermore, the total pho-
tocurrent seems to be largely independent of the surface termina-
tion, especially for DBs. This may explain the good photocatalytic
behavior reported for both H-DB and O-DB,!*’”! which would not
be expected from EA measurements alone. Nanostructured ma-
terials such as DB could help to overcome the strong decrease in
solvated electron emission observed on oxidized surfaces.??] A
bound exciton state observed on the H-SC can limit the charge
emission in gas and in liquid, as demonstrated by the combina-
tion of SPV, PYS, and PCS. Fortunately, this effect disappears for
boron-doped diamonds and as soon as the surface is partially ox-
idized and does not hinder the photoelectrocatalytic application.

The implications of observing different charge emission af-
ter photoexcitation in gaseous and liquid atmospheres highlight
the need for in situ characterizations, directly in the liquid. The
electronic interaction with a liquid environment cannot always
be predicted by vacuum or ambient air characterizations. The
nature of the charge transfer at the diamond-water interface re-
mains to be studied in more detail, but it appears clear that it
differs from known electron emission mechanisms in vacuum
or in air. X-ray spectroscopy at the carbon K-edge in liquid is ex-
perimentally very challenging due to the necessity to perform soft
X-ray experiments in vacuum. Measurement in water have been
achieved on nanodiamonds colloidal dispersions flown in a mi-
crojet and show a great increase of unoccupied states induced by
charge transfers.3*! Such a technique cannot be transferred to di-
amond substrate, but one can expect similar effects to take place.
Sub-bandgap charge emission is highly relevant for visible light-
driven CO, or N, photoelectrochemical reduction reactions and
should be further investigated. Other strategies, such as function-
alization of diamond surfaces with dyes, are being developed for
this purpose, 2%’ and could be studied in the same way to eluci-
date the excitation processes involved in their photocatalytic per-
formance.
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4, Conclusion

The combination of XAS, PYS, SPV, and PCS allows a direct
correlation between charge separation processes and the surface
properties of diamond. Charge separation in diamond in air was
investigated by SPV and appears dominated by the surface states
for photoexcitation below the bandgap. The oxidation of the sur-
face provides a large variety of unoccupied surface states (C=C,
C=0, C—H, and C—OH) characterized by XAS having an energy
within the bandgap of the diamond. The correlation of all mea-
surements shows the excitation of VB electrons to discrete unoc-
cupied surface states in intrinsic diamond crystals. Comparison
of the SPV signal from hydrogenated and oxidized surfaces also
characterizes the excitation of occupied C—H and C—OH surface
states, in agreement with recent calculations. In boron-doped di-
amonds, a very high density of bulk defect states hinders the ex-
perimental observation of these excitations due to fast recombi-
nation. Only the excitation associated with C—H surface states at
~4.5 eV and ~5 eV remains significant. However, this does not
limit the charge emission from boron-doped diamonds in both
gaseous and aqueous environments.

In gaseous environment, the emission of electrons character-
ized by PYS is driven by direct ionization and the EA of the sur-
face. Oxidation of the surface reduces the EA which remains neg-
ative because of persistent C—H and C—OH surface bonds. Con-
sequently, the onset of the emission occurs for larger energy of
photoexcitation (x5 eV against 4.5 eV for clean H-SC). In aque-
ous electrolytes, a photocurrent is observed for photoexcitation
at energy as low as 3.5 eV for boron-doped nanostructured di-
amond. The previous observation in gaseous environment en-
lightens the potential role of the surface states in the charge sep-
aration and in the emission of solvated electron. Yet, no direct
correlation with ex situ characterizations is observed and the pho-
tocurrent is largely independent of the surface termination. This
set diamond as a unique material to explore the emission and
fundamental properties of solvated electrons though in situ char-
acterisation. Furthermore, surface oxidation of diamond is not
prohibitive for photoelectrocatalytic reduction reactions, and the
low energy onset opens new perspectives toward visible-light en-
ergy conversion.

5. Experimental Section

Samples:  Single crystal (SC) diamonds have an oriented (100) sur-
face. They were 3x3 mm? x 300 um intrinsic diamonds consisting of a
CVD substrate (optical grade, with ~1 ppm of p1 Nitrogen) overgrown
with a 15 pm ultrapure diamond layer (no detectable contamination, elec-
tronic grade). Boron-doped diamond single crystals (SC (B)) were used
for complementary study of the boron doping effects (Figure S6 and S7
and S9, Supporting Information) and for the photocurrent measurements
(see Figure 5). They were 3 X 3 mm? x 250 um boron-doped HPHT sub-
strates with ~300 ppm (5 x 10" cm™3). In addition, diamond black
nanostructured boron-doped diamond (DB) were prepared by ion etch-
ing of a polycrystalline boron-doped diamond wafer with an average of
5700 ppm (102! cm~3).I71 One of each type was subjected to hydrogen
plasma treatment, resulting in H-terminated surfaces (referred to as H-
SC, H-SC (B), and H-DB, respectively). The other samples were artificially
aged and partially oxidized by wet chemical treatment (referred to as O-SC,
O-SC (B), and O-DB, respectively). Oxidation was performed in a mixture
of sulfuric acid and nitric acid (ratio 3:1) for 1.5 h at elevated temperatures.
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X-Ray Absorption Spectroscopy (XAS): X-ray absorption spectroscopy
(XAS) was performed at the Russian-German beamline of the electron
storage ring BESSY-II at Helmholtz-Zentrum Berlin (Germany) using an
ultrahigh vacuum experimental station.[8] The measurements were con-
ducted in the electron yield (EY) mode, where the incident photon energy
was swept and the emitted electrons from the sample were simultaneously
recorded under a 150 V screening potential, which selects the electrons
with high energy and increased the surface sensitivity of the technique. The
beamline was optimized for NEXAFS spectroscopy in the VUV range, and
carbon contamination from the beamline’s optical elements was removed
by oxygen plasma cleaning, resulting in a significant decrease of the carbon
contamination signal. The spectra were normalized by the incident photon
flux and between the pre-edge and post-edge regions, with no background
correction needed. The energy resolution of the monochromator in the
range of the C Ts (~285 eV) X-ray absorption edges was ~70 meV. The X-
ray energy was calibrated against the energy positions of the first narrow
peak of the C 1s absorption spectrum of highly ordered pyrolytic graphite
(HOPG) (~285.45 eV). X-ray photoelectron spectra (XPS), see Figure S2
and S3 (Supporting Information), were calibrated in accordance with the
position of the reference highly ordered pyrolytic graphite (HOPG) peak
(~284.7 eV).

Photoelectron Yield Spectroscopy (PYS): PYS was performed in an am-
bient pressure environment of nitrogen gas using an SKP 5050-APS02
from KP Technology. The setup was placed in a Faraday cage to shield ex-
ternal electric fields and enable controlled illumination of the sample. The
samples were contacted with carbon tape and mounted on a motorized 3-
axis stage with a precision of less than 300 nm. The top counter electrode
was a 2.0 mm diameter electrode with a gold-alloy coating. The tip-sample
static distance was &1 mm. A bias voltage of 10 V was applied between the
sample and the electrode to collect the charges. The sample was illumi-
nated by a deuterium light source coupled with a grating monochromator,
providing excitation from 3.4 to 7.6 eV. Measurements were conducted
with a step of 1 nm and the photoemission threshold was determined
with a resolution of 30 meV. The light was guided by a DUV optical fiber
and focused on the sample with an elliptical spot of ~3 X 4 mm?. Unlike
vacuum measurements, the electronic current was indirectly collected by
the ionic current created by the ionization of the atmosphere due to the
emission of electrons from the sample.l3®] The information depth (ID) in
PYS measurements depends on the inelastic mean free paths (IMFPs) of
the electrons excited from the elements comprised in the sample and was
determined as: ID = 3 x IMFP. For diamonds the theoretical value for IMFP
extrapolated for low electron energies was 10 nm. Thus, the maximum ID
in the PYS measurements was estimated of ~30 nm.[%°]

Surface Photovoltage (SPV): SPV measurements were performed in
the dc (Kelvin-probe) regime on a set-up with a perforated electrode (delta
phi Besocke) and a charge amplifier (Elektronik Manufaktur Mahlsdorf)
and a quartz prism monochromator (SPM2, Carl Zeiss Jena) for illumina-
tion (see references 37601 for details). Values of transition energies can be
well-defined in the small signal case and if there was only one dominating
mechanism of charge separation. However, SPV signals were usually not
proportional to the photon flux and processes with opposite direction of
charge separation can occur. Furthermore, baselines were not well-defined
for spectral dependent SPV measurements in the dc (Kelvin-probe) regime
due to slow charging and discharging processes and the measurement
regime can influence the value of a transition energy. For these reasons,
the spectra of — ACPD were not normalized to the photon flux and one
needs to further consider the spectral features of the lamp.

Photocurrent Spectroscopy (PCS): The diamond samples were used as
the working electrode (WE) in a spectroelectrochemical flow cell (SEC-
3F, C3-Analysentechnik). The area of the working electrode was limited to
0.8 mm?2. The diamond samples were contacted with copper tape at the
back of H-DB and O-DB samples (conductive) and on the top of H-SC.
The surface conductivity of H-SC was high enough so that undoped dia-
mond was used. For the O-SC sample, photocurrent measurements were
performed on boron-doped diamond (O-SC (B)). The counter electrode
(CE) was made of a stainless-steel tube with a surface of ~75 mm?. The
potential on the WE was set versus an Ag|AgCl reference electrode by an
SP-200 potentiostat from Biologic and recording the current. A positive
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current corresponds to the flow of negative charge from the WE to the CE.
All photocurrent measurements were carried out in an aqueous 3 M KCl
electrolyte which was transparent up to photon energies of 5.9 eV. A laser
driven light source (LDLS EQ-99X-CAL-S, Hamamatsu) with a home-made
quartz prism monochromator (T. Dittrich, S. Fengler) was used for mod-
ulated illumination (modulation frequency 1.8 Hz) in the range of photon
energies between 0.45 and 6.2 eV. The modulated photocurrent was mea-
sured with a lock-in amplifier (EG&G 5210). The corresponding photocur-
rent spectra were normalized to the light intensity. Some current-voltage
characteristics were shown in Figure S8 (Supporting Information). A po-
tential of —0.3 V versus Ag|AgCl was chosen for all photocurrent measure-
ments. At this potential, photocurrent signals could be well detected, and
redox reactions were avoided.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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