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Abstract: Doping diamond with boron, nitrogen or phosphorus enables a fine tuning of its electronic
properties, which is particularly relevant for applications involving electron emission. However,
the chemical nature of the doping sites and its correlation with electron emission properties remain
to be clarified. In this work, we applied soft X-ray spectroscopy techniques to probe occupied and
unoccupied electronic states in undoped, boron-, phosphorus- and nitrogen-containing single crystal
diamonds. X-ray absorption, X-ray emission and X-ray photoemission spectroscopies, performed at
the carbon K-edge, provide a full picture of new electronic states created by impurities in diamond.
The different probing depths of fluorescence- and electron-based detection techniques enable a
comparison between surface and bulk contributions.

Keywords: diamond; XAS; XES; XPS; doping; defects; electronic structure

1. Introduction

Diamond is a wide bandgap semiconductor with fascinating electronic properties that
can be modulated by doping. As a result, it is a promising versatile material for high power
electronics, electron field emission, electrochemistry or quantum computing. Diamond
also has a unique ability to emit solvated electrons in water upon light illumination, which
can be used to trigger chemical reactions such as CO, or N, reduction [1,2]. However,
electron photoemission requires diamond illumination with deep UV light to overcome
the diamond band gap and is therefore fairly inefficient with visible light illumination. In
order to increase the diamond light absorption, nanostructuring [3,4], combination with
dyes absorbing in the visible spectrum [5,6] and incorporation of metal nanoparticles to
generate plasmonic effects [7] have been proposed. Incorporation of heteroatoms in the
diamond matrix to add new absorption states is another approach that has also been shown
to enable visible light absorption [8]. Furthermore, doping diamond with heteroatoms
such as boron, nitrogen and phosphorus can tune the electron emission of the diamond as
it has been thoroughly investigated over the last 25 years for electron field emission [9-12].

p-type doping of diamond is easily achieved by direct substitution of the carbon atoms
by boron atoms. On the other hand, n-type doping using either nitrogen or phosphorus as
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dopant has turned out to be more challenging. Nitrogen, which is also present in natural
types Ib and Ia diamonds, has a negative formation energy of —3.4 eV, as shown by ab
initio calculations, and hence can be easily substituted in the diamond lattice [13]. However,
nitrogen substitution results in distortion of the diamond lattice due to antibonding interac-
tion between the nitrogen lone pair orbitals and carbon dangling bond [13]. Furthermore,
the incorporation of nitrogen leads to the formation of deep donor levels, 1.7 eV below the
conduction band minimum (CBM), which makes it insulating at room temperature [14].
Phosphorus is suitable as a donor atom due to its shallow donor level 0.56 eV below CBM.
It has, however, a high formation energy of 10.4 eV, thus making it difficult to incorporate
in the diamond lattice [13]. Despite these challenges, phosphorus has been incorporated in
the diamond (111) layers at high concentrations [15,16]. The nature of the added absorption
states in doped diamond materials remains, however, unclear and needs more detailed
spectroscopic characterization.

In this work, undoped, boron-, nitrogen- and phosphorus-doped single crystal dia-
monds are characterized by synchrotron-based soft X-ray spectroscopies. X-ray absorption
spectroscopy (XAS) at the carbon K-edge is applied using total electron yield (TEY) and
partial fluorescence yield (PFY) detection modes. In the XAS process, the core electrons
are resonantly excited into unoccupied electronic levels [17]. The excitation energy of the
incoming X-ray can be tuned to match the different transitions observed in diamond mate-
rials, and the partial density of unoccupied states related to carbon atoms can be probed.
XAS characterization of diamond in transmission is challenging as it requires sub-100 nm
freestanding diamond films. Instead, TEY detection mode, based on the measurement of
the drain current induced by the emission of photoelectrons and Auger electrons upon
X-ray absorption, is often used. TEY is particularly surface-sensitive as the inelastic mean
free path of the electrons depends on their kinetic energies, and it is typically lower than
1 nm here [18], therefore only probing the first few diamond monolayers. Alternatively,
PFY based on fluorescence detection of radiative decay processes can also be used to
detect XAS. In this case, the diamond materials are probed deeper as the attenuation
length of X-ray photons at the carbon K-edge is lower than 60 nm [19]. Another advantage
of PFY-XAS is that it can be applied to insulating materials, while TEY-XAS requires a
surface-conductive sample.

As a result, X-ray emission spectroscopy (XES) and X-ray photoemission spectroscopy
(XPS) are used to characterize the occupied states of the diamond materials. XES is obtained
by analyzing the energy of X-ray photons decaying into the core hole generated after non-
resonant X-ray excitation above the carbon K-edge. This method probes the partial density
of occupied electronic states in the valence band. It is highly complementary to XPS, which
can also probe valence states but without element-sensitivity and with a higher surface
sensitivity due to the electron detection. The combination of photon-in—electron-out (TEY-
XAS and XPS) and photon-out (PFY-XAS and XES) methods ensures surface and bulk
sensitivity, respectively. By comparing these different detection methods, the influence of
diamond doping on the surface and bulk diamond electronic structures is discussed.

2. Materials and Methods
2.1. Digmond Materials

Undoped diamond (uSCD): An undoped substrate with <111> orientation obtained from
Diam2Tec (Germany) was used.

B-doped diamond (B-SCD): Boron-doped <111> substrate, obtained from the Tech-
nological Institute for Superhard Materials (TISNCM, Russia) was used. The boron
concentration extracted from the secondary ion mass spectrometry (SIMS) profile was
2.7 x 10%° atoms/cm?, i.e., ~1500 ppm (see Supplementary Information).

P-doped diamond (P-SCD): P-doped overgrowth was conducted on undoped <111> sub-
strates (Diam2Tec, Germany). The same cleaning treatment as the B-doped diamond was
used. The P-doped epilayer was grown in an ellipsoidal microwave plasma chemical vapor
deposition (MPCVD) reactor using purified source gases (H,, CHy) and trimethylphos-
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phine (diluted, P(CH3)3/H; = 4500 ppm) at a gas pressure of 190 mbar [20]. The microwave
power was 2.1 kW. The growth was conducted at a CHy4 to H; ratio of 0.13% and a P to
C ratio of 20% using a growth temperature of approximately 1000 °C. The phosphorus
concentration extracted from the SIMS profile was 8 x 10!% atoms/cm3, i.e., ~400 ppm (see
Supplementary Information).

N-doped diamond (N-SCD): A nitrogen-doped diamond epilayer was grown by mi-
crowave plasma CVD onto an HPHT <100> Sumitomo substrate after an acid cleaning
of its surface. The MPCVD growth used a gas mixture composed of hydrogen 95 vol%,
methane 4 vol% and nitrogen 1 vol% with a total gas flow of 202 standard cubic centimeters
per minute (SCCM) and a gas pressure of 100 mbar. The applied microwave power was
630 W and the duration of growth was 300 min at a temperature of approximately 900 °C.
The epilayer thickness measured by SIMS was 19 microns, corresponding to a growth rate
of 3-4 microns per hour. The nitrogen concentration extracted from the SIMS profile was
4.9 x 10'® atoms/cm?, i.e., ~30 ppm (see Supplementary Information).

All samples were used for spectroscopic study after thorough cleaning in a mixture of
sulfuric and nitric acid (ratio 3:1) for 1.5 h at a hotplate temperature of 250 °C, followed
by surface hydrogenation carried out in an Hy plasma at 750 °C for 30 min in the MPCVD
reactor. The samples were not polished before characterization.

2.2. Secondary Ion Mass Spectrometry Analysis

SIMS was performed in order to measure the depth distribution of the boron ([B]),
phosphorus ([P]) and nitrogen ([N]) concentrations in B-SCD, P-5CD and N-SCD samples,
respectively. Prior to SIMS analysis, a gold film of ~50 nm was deposited to avoid any
charging effects during measurements. CAMECA IMS7f equipment was used. The vacuum
limit reached in the analysis chamber was of ~10~% mbar. The depth of the resulting
150 x 150 um? SIMS crater was measured using a Dektak8 step-meter. The analyzed zone
was restricted to a diameter of 33 um to limit the crater edge effects. Further experimental
details are available in the Supplementary Information.

2.3. Differential Interference Contrast Microscopy

Differential interference contrast (DIC) microscopy was performed on doped samples
at GEMaC with a Nikon ECLIPSE ME600OL microscope. B-SCD and P-SCD were imaged
before SIMS analysis, unlike the N-SCD sample. For this reason, SIMS craters (squares)
resulting from the N content analysis were visible on the N-SCD surface.

2.4. X-ray Absorption Spectroscopy

XAS measurements were performed at the U49/2-PGM1 undulator beamline of the
synchrotron BESSY II using the LiXEdrom end-station. The TEY-XAS were recorded by
measuring the drain photocurrent through the sample holder. The PFY-XAS were recorded
using an X-ray spectrometer with a Rowland circle geometry. The XA spectra were energy
calibrated to the diamond second bandgap located at 302.4 eV.

2.5. X-ray Emission and Photoemission Spectroscopies

XES, valence band XPS and Resonant Photoemission Spectroscopy (RPES) were
recorded at the U41-PGM undulator beamline of the synchrotron BESSY II using the
PEAXIS end-station [21]. The samples were annealed at 250 °C for 1 h before characteriza-
tion. The energy calibration for XES was performed using the elastic emission line of the
B-SCD sample.

3. Results
3.1. Electronic States of Diamond Probed by XAS and XES at the C K-Edge
The XAS and XES at the carbon K-edge provide a full picture of the partial electronic

density of states as shown for undoped (111) single crystal diamond (uSCD) in Figure 1.
Characteristic XAS features of diamond materials [22] such as the large bandgap, the sharp



C2021,7,28

40f10

core excitonic peak at 289.3 eV and the second bandgap at 302.4 eV, are clearly distinguished
in Figure 1. The conduction band maximum (CBM) was estimated at 289.5 eV, considering
that the core exciton has a binding energy of approximately 0.2 eV [22]. XES of diamond
materials presents a large band between 274-284 eV related to 2p states while 2s states
appear as a smaller band around 271.3 eV [23]. The energy onset at 284.0 eV corresponds
to the valence band maximum (VBM). The difference between the VBM obtained from
XES and CBM from XAS agreed well with a diamond bandgap of 5.5 eV. Electronic states
observed in between were related to defect-related sub-bandgap states. In the following,
we will investigate how these features are modified by incorporation of boron, nitrogen or
phosphorus impurities in the diamond lattice.

C K edge XES XAS

Intensity (arb. unit)

f

Bandgap
-~ Second bandgap

270 275 280 285 290 295 300 305 310 315 320
Photon Energy (eV)

Figure 1. Total electron yield-X-ray absorption spectroscopy (TEY-XAS) (right) and X-ray emission
spectroscopy (XES) (left) at the C K-edge of undoped single crystal diamond (uSCD). The diamond
bandgaps are highlighted.

3.2. Unoccupied Electronic States of Doped Diamond

The B-, P- and N-doped samples were prepared by MPCVD as detailed in the experi-
mental section and respectively labeled B-SCD, P-SCD and N-SCD. The morphology of the
different doped samples was imaged by DIC microscopy (Figure S1). B-SCD presented a
smooth surface while the surface of P-SCD sample was rough with some straight marks.
The N-SCD surface was partly covered by typical hillocks with unepitaxial crystallites
on top of them. The doping concentration was measured by SIMS over 300 nm, which is
deeper than the probing depth of X-ray spectroscopy techniques, as detailed in the Sup-
plementary Information. For the B-SCD and N-SCD samples, the impurity concentrations
were constant with plateaus of [B] ~2.7 x 1020 at/cm? and [N] ~4.9 x 108 at/cm?, respec-
tively. The phosphorus content of P-SCD sample presented a weak increase in the first
150 nm by a factor ~1.5 in the content up to a plateau of [P] ~8.0 x 10 at/cm? (Figure S3).
These doping concentrations were relatively high in order to increase the number of defect
states induced by heteroatoms for sub-bandgap absorption. Note, however, that the doping
was performed independent of the conductivity of the samples.

The modification of the unoccupied electronic states in the diamond bandgap by
doping is first described. TEY-XAS of uSCD, B-SCD and P-SCD are presented in Figure 2a.
The main C K-edge is situated around 290 eV and the discussion is focused on the sub-
bandgap region (283-290 eV), relevant for visible light absorption. The TEY-XAS of the
N-doped sample is not shown here because of the different crystal orientation compared
to the other diamond samples. As a result, different surface electronic states could not be
directly related to nitrogen heteroatoms, and we will then limit the discussion to PFY-XAS
for N-SCD in the following.
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Figure 2. (a) TEY-XAS and (b) partial fluorescence yield-X-ray absorption spectroscopy (PFY-XAS) at
the carbon K-edge of uSCD (black), B-doped diamond (B-SCD) (blue), P-doped diamond (P-SCD)
(red) and N-doped diamond (N-SCD) (green) samples. The XA spectra were normalized to the main
edge above 290 eV.

On TEY-XAS, three features I, Il and III at 285.3, 287.6 and 289.3 eV, respectively, can
be distinguished. The peak I related to 77* transitions from sp?-hybridized carbon atoms
is more intense for doped samples. The peak II usually attributed to C-H termination on
the diamond was also found to have an increased absorption for P-SCD and B-SCD [24].
Finally, the peak III is related to the core excitons in the diamond [22]. This core excitonic
peak appears very sharp for uSCD and is slightly broadened for B-SCD. On P-SCD, this
peak almost vanishes, illustrating a strong sensitivity of the excitonic peak to impurity
incorporation. For nanocrystalline diamond, this was previously interpreted as a reduction
of short-range order within the sample due to defects introduced upon impurity incorpo-
ration [25]. Heteroatom incorporation, therefore, also affected the core excitons in single
crystal diamond. In addition, the rising edge appears shifted below 289 eV for P-SCD.
Impurity levels induced by substitutional phosphorus located 0.56 eV below the CBM
may contribute to the broadened excitonic peak and decrease of the rising C K-edge for
P-SCD [26,27].

Interestingly, PEY-XAS of the doped diamond samples are slightly different (Figure 2b).
A new feature IV appears on B-SCD at 284.1 eV, which was previously shown to be
related to B-induced defects [3,28]. On P-SCD, the features I and II have a significant
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contribution compared to uSCD. Since PFY-XAS is bulk-sensitive, it demonstrates that this
contribution comes from sp? bonds and C-H groups, not only on the diamond surface
but also incorporated in the diamond matrix. This may result from the large size of
phosphorus atoms compared to the carbon atoms, therefore leading to defect formation
upon doping. Many different defects sites are possible in P-SCD, related to different levels
of H incorporation, which can lead to the broadening of the feature II [29]. For N-SCD,
no strong differences were observed compared to uSCD except a relative decrease of the
excitonic peak III. This latter had a lower relative intensity for the three doped samples,
compared to uSCD.

3.3. Occupied Electronic States of Doped Diamond

The role of doping on the occupied electronic states was then characterized. The
XES spectra of the B-SCD, N-SCD and P-SCD samples appear similar to the XES of uSCD
(Figure 3a). As mentioned earlier, a large band between 274-284 eV (features B, C and D)
is related to 2p states, while 2s states appear as a smaller band around 271.3 eV (feature
E) [23]. Since XES is bulk-sensitive and probes only carbon atoms, it was not strongly
altered by the impurity concentration of the diamond samples investigated here.

On the other hand, significant modifications of the valence band measured by XPS
can be observed. Two different excitation energies (299 and 200 eV) were used. At 299
eV excitation (Figure 3b), carbon atoms are resonantly excited, therefore their X-ray cross-
section is enhanced compared to other elements. At 200 eV excitation energy (Figure 3c),
all atoms are excited, therefore contribution from dopants and eventual oxygen groups
remaining on the diamond surface are also expected. Note that no photoelectrons were
detected from N-SCD, probably as a result of a poor electrical conduction of the sample
due to a high nitrogen defect density. As mentioned earlier, this sample having a different
crystal orientation, a direct comparison to the other doped samples was not possible. A
strong charging effect was observed for P-SCD, which may also have suffered from a
poor conduction. However, photoelectrons were still observed for the P-SCD sample and
the charging effect could be corrected using the resonant CIs signal (see Supplementary
Information). Further XPS spectra at different resonant excitations are shown in Figure S4.

The non-resonant diamond valence band of uSCD (Figure 3c) is constituted of four
main bands at 6.7 eV, 12.5 eV, 17.6 eV and 24.5 eV. The band at 6.7 eV was related to C2p
electrons, while the next two features were related to C2s states of sp>-hybridized car-
bon [23]. The last feature at 24.5 eV was tentatively attributed to O2s core electrons coming
for residual oxygen groups on the diamond surface [30]. A small shoulder at 286.0 eV was
indeed observed at the C1Is, which could be related to C-OH groups (Figure S4). The C2p
peak corresponding to the feature C from the XES, seemed the most affected by impurities
incorporation as its maximum shifted by -1.3 eV (+1.9 eV) for B-SCD (P-SCD) compared
to uSCD. It is also sharper (broader) for B-SCD (P-SCD). This may have resulted from a
higher localization of electrons in B-SCD as compared to uSCD. However, the cross-section
of photoelectrons coming from boron atoms may also have been enhanced at 200 eV as
the boron signature at the B K-edge was found at 193.8 eV (Figure 4). On the other hand,
P-SCD leads to more delocalized electronic states, resulting in broader spectral features. A
stronger signal from electrons with a binding energy below 3 eV was observed for P-SCD,
possibly related to electron donor states.
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Figure 3. (a) XES at the C K-edge of uSCD, B-SCD, P-SCD and N-SCD recorded at 320 eV excitation
energy. X-ray photoemission spectroscopy (XPS) of uSCD, B-SCD and P-SCD measured with 299 eV
(b) and 200 eV (c) excitation energies. XES were normalized to the peak at 280.5 eV and XPS to
the signal at 18 eV (b) and 30 eV (c). XES and XPS valence band spectra were plotted on a similar
energy scale, aligning the valence band maximum from XES to the Fermi edge obtained from XPS, to
facilitate comparison between the different techniques.

The resonant valence band spectra at 299 eV (Figure 3b) show a slightly different
picture. Features around 2-3 eV binding energy are significantly enhanced for B- and
P-SCD samples compared to non-resonant spectra and undoped diamond. These occupied
electronic states were most likely related to surface reconstructions [30], which were
possibly induced by distortion of the diamond lattice upon doping and growth ending.
This agreed with the small sp? carbon content observed from XAS (Figure 2).
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Figure 4. XAS at the B K-edge on the B-SCD sample.

Note that the diamond surface states are highly sensitive to surface chemistry, crystal
orientation, surface roughness, polishing treatment and doping concentration, to name a
few parameters. Photon-in-electron-out techniques are highly sensitive to these surface
states because the inelastic mean free path of photoelectrons is below 1 nm for the kinetic
energy range applied here. The high impurity concentrations of the investigated sample
may also have led to dopant clustering and local inhomogeneities, the detailed investigation
of which was beyond the scope of this study. While this work gives insights into the effect
of impurity incorporation on the changes of electronic states on H-terminated single crystal
diamond, further studies on differently prepared diamond samples are clearly required
before generalizing these results to all B-, P- and N-doped diamond samples.

4. Conclusions

In this work, the electronic structure of single crystal diamonds containing boron,
nitrogen and phosphorus were compared by means of soft X-ray absorption, emission
and photoemission spectroscopies. New unoccupied electronic states were observed for
B-SCD and P-SCD close to the CBM and VBM, respectively, as determined by PFY-XAS.
In addition, the incorporation of B, P and N atoms was found to reduce significantly the
diamond core exciton contribution compared to undoped diamond in both TEY- and PFY-
XAS. Occupied electronic states were not significantly modified by B, P or N addition as
estimated from XES for the investigated heteroatom concentration. On the other hand, the
surface occupied electronic states were strongly affected by impurities, and the presence of
surface reconstruction was evidenced for both B-SCD and P-SCD using XPS of the valence
band. Overall, this study illustrates how complementary photon-out and electron-out X-ray
spectroscopies can be used for the comprehensive characterization of diamond materials.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2311-562
9/7/1/28/s1, Figure S1: Differential interference contrast (DIC) microscopy of diamond samples,
Figure S2: Mass spectra of N-doped diamond, Figure S3: Secondary ion mass spectrometry (SIMS)
profiles of doped diamond samples, Figure S4: XPS C1s of diamond samples, Figure S5: RPES at the
valence band of doped diamond samples.
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