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% Check for updates The electrical properties of diamond are modulated by impurity doping. Iso-

lated substitutional boron atoms introduce holes; however, the fraction of
electrically inactive boron atoms increases at higher doping concentrations.
This has been attributed to boron aggregation and hydrogen passivation,
although their structural identification based on atomic arrangement has yet
to be experimentally verified. Here we show the origin of multiple chemical
states in homoepitaxially grown boron-doped diamond thin films by analyzing
the atomic environment of boron using spectro-photoelectron holography.
Our analysis identifies boron dimers and boron-hydrogen complexes, with
hydrogen occupying different atomic sites that give rise to distinct chemical
shifts. These results suggest that hydrogen incorporation during growth leads
to passivation of boron acceptors. We demonstrate that photoelectron holo-
graphy serves as a promising tool for imaging hydrogen as well as determining
the atomic sites of dopants.

Impurity doping is a fundamental technique for tuning the proper-
ties of functional materials. Trace levels of dopants can significantly
influence the electrical and mechanical behavior of semiconductors
and alloys'. Accordingly, accurate knowledge of dopant positions
and their surrounding atomic arrangement is essential for enhan-

local behavior of hydrogen is necessary to understand its impact on
material properties.

Various experimental techniques have been developed to char-
acterize impurity distributions, including dopants and hydrogen.
Scanning transmission electron microscopy (STEM) is a widely

cing the predictive reliability of theoretical models and accelerating
materials design. Nonetheless, direct observation of atomic
arrangements without translational symmetry, such as isolated
dopants, remains technically challenging.

In contrast, unintentional hydrogen incorporation in solids
often leads to deleterious effects. In boron-doped diamonds (BDDs),
a p-type semiconductor, hydrogen leads to carrier neutralization via
dopant trapping'. Additionally, hydrogen incorporation induces
embrittlement in B-titanium alloys®. Consequently, clarifying the

employed approach for analyzing the atomic arrangement of dopants.
STEM image contrast is governed by the electron-scattering cross-
sections of the constituent elements, enabling the detection of
dopants within a matrix. However, elements with low scattering cross-
sections are difficult to detect. Hydrogen, as the lightest element,
presents particular challenges, with successful imaging largely con-
fined to specialized systems, such as periodic hydrogen columns in the
crystalline solid YH,’. Atom probe tomography (APT) offers a pro-
mising approach for the direct observation of three-dimensional
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Fig. 1| Principle of photoelectron hologram formation. Photoelectrons excited
by incident light propagate as spherical waves. The interference between directly
detected photoelectrons and those scattered by neighboring atoms generates the
photoelectron hologram.

elemental distributions with sub-nanometer resolution. Recent APT
studies have reported the direct detection of deuterium via deuterium-
charging methods and cryogenic transfer protocols*°. While these
reports provide valuable insights into hydrogen embrittlement
mechanisms, distinguishing intrinsic hydrogen in solid solution from
residual chamber gases requires rigorous assessment’. Although
hydrogen behavior has been investigated using electron paramagnetic
resonance®, elastic recoil detection analysis®'®, secondary ion mass
spectrometry”, and neutron scattering'>”, these methods lack the
capability to directly observe local atomic arrangements around
impurities. Therefore, a technique capable of visualizing hydrogen-
containing impurities within the host matrix remains a critical need.

Photoelectron holography (PEH) has recently been applied as a
technique for characterizing dopants, enabled by the development of
high-throughput detectors and synchrotron radiation with high
brightness and low emittance'*?. These improvements enable the
detection of dopants at concentrations near 0.1 at%'*'*’*. Figure 1
illustrates the principle of photoelectron hologram formation. Core-
level photoelectrons emitted from dopants (emitters) propagate as
spherical waves, referred to as direct waves. A fraction of these waves is
scattered by the electrostatic potential of neighboring atoms (scat-
terers), generating additional spherical waves centered on the scat-
terers, referred to as scattered waves. The angular distribution of
photoelectron intensity corresponds to the interference pattern of
these waves. This is called a photoelectron hologram, which reflects
the local three-dimensional atomic arrangement surrounding the
emitter. In particular, the method of element- and chemical-state-
selective analysis by measuring the kinetic-energy dependence of
photoelectron holograms is called spectro-PEH. Since the scattering
potential is primarily governed by the positive nuclear charge, light
elements such as hydrogen are also detectable. X-ray photoelectron
diffraction (XPD), a technique for measuring the same phenomenon as
PEH, has also been increasingly reported in recent years>?°, XPD
patterns also exhibit emitter-site specificity”’>°. Given these simila-
rities, this work adopts the terms “holography” and “hologram”
throughout. Recent developments in photoelectron holography and
diffraction are comprehensively reviewed elsewhere®2,

In this study, we applied spectro-PEH to investigate dopants in the
BDD. In such materials, passivation of boron by hydrogen incorpora-
tion into the crystal lattice has been predicted®. Consequently, the
local behavior of hydrogen near boron sites has attracted significant

attention* %, We observed hydrogen atoms trapped by dopants.
These findings clarify the origin of multiple chemical states observed
in photoemission spectra and enable detailed characterization of BDD.

Results and Discussion

Evaluation of the crystallinity of the matrix by photoelectron
holography

C 1s core-level photoelectron hologram measurements were per-
formed to characterize the diamond lattice. The diamond unit cell
contains two crystallographically inequivalent sites: the A site at
(0, 0, 0) and the B site at (0.25, 0.25, 0.25). The crystal structures as
viewed from each site are presented in Fig. 2a, b. The experimen-
tally obtained hologram represents the sum of contributions from
both sites. The left image in Fig. 2c shows the experimentally
obtained C 1s hologram recorded at a kinetic energy (£;) of
~610 eV, which closely matches prior diamond C 1s holograms
reported by Kiittel et al.** and Yokoya et al.'. The right image of
Fig. 2c presents a simulated hologram based on a pristine diamond
cluster. Fig. 2d illustrates atomic positions as viewed from the
emitter along the <111> direction. Both experimental and simulated
patterns display prominent forward focusing peaks (FFPs) origi-
nating from atoms aligned along the <001>, <111>, and <110>
directions. The dark features marked by dashed white lines are
identified as quasi-Kikuchi lines, which arise from Bragg-like scat-
tering and interference ring overlap, indicating long-range crys-
tallographic order®*°. The simulation accurately reproduces both
the FFPs and the crescent-shaped fine structure near the <001>
direction, confirming the high crystallinity of the BDD thin film.

Spectro-photoelectron holography for B 1s core-level

B 1s core-level photoemission spectra were measured and fitted uti-
lizing the parameters established by Okazaki et al.*, as displayed in
Fig. 3a. The lowest binding energy component (component 1) exhi-
bits the narrowest peak width, consistent with prior observations*.
Components 5, 6, and 7 are attributed to boron atoms near the
surface, a conclusion supported by the spectra's emission-angle
dependence. This paper focuses on components 1-4. The photo-
electron hologram of component 1 in Fig. 3b closely resembles the
experimental C 1s hologram, indicating boron substitution at a car-
bon site, in agreement with Okazaki et al.*’. Consequently, compo-
nent 1is assigned to isolated substitutional boron (Bs). The simulated
hologram in Fig. 3c, based on the Bs model in Fig. 3d, accurately
reproduces the primary features of the component 1 pattern. These
results demonstrate that spectro-PEH effectively identifies boron
atoms substituted at electrically active sites.

Structural determination of boron dimer

Figure 4a shows the experimental hologram of component 4 in the B 1s
core-level. Although prominent FFPs are preserved, the hologram
displays pattern broadening relative to the component 1 hologram;
fine structures in the <111> and <110> directions are less defined. The
line profile at the left of Fig. 4a shows the disappearance of the sharp
peaks and valleys characteristic of component 1, resulting in reduced
contrast. Such broadening suggests that boron atoms are displaced
from ideal substitutional lattice sites. The photoelectron hologram is
sensitive to emitter position shifts. A pioneering study by Fedchenko et
al. demonstrated the disappearance of Kikuchi lines caused by sub-
angstrom-scale relaxation of the emitter”. Prior theoretical
investigations**™*® propose two structural candidates to account for
atomic shifts: a hydrogen atom located at the center of a B-C bond,
forming a B-H complex with bond-center configuration (Fig. 4b), and a
nearest-neighbor boron pair (B dimer), as shown in Fig. 4c*°. Figure 4d
shows the simulated hologram of the B-H complex with bond-center
configuration. The simulation indicates that insertion of hydrogen
within the B-C bond produces a large emitter displacement (B-H-

Nature Communications | (2026)17:3482


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-70231-7

a <111>

30° 0° 30° 60°

Min. EEEEERTT |Max.
Intensity (arb. unit)

Fig. 2 | Photoelectron hologram of the diamond matrix. Diamond crystal
structures with carbon atoms at (a) the A site and (b) the B site as emitters. Blue and
green spheres represent the local atomic environment for emitters at the A and B
sites, respectively. ¢ Comparison of an experimental C 1s core-level photoelectron
hologram obtained from the boron-doped diamond (111) thin film (left) and a

60° 30° 0° 30° 60°

simulated hologram based on pristine diamond (right). The centers of the holo-
grams correspond to the <111> direction. d Projected atomic positions withinan 8 A
radius of the emitters. Blue and green circles correspond to views from the A and B
sites, respectively; the circle size scales with proximity to the emitter. ‘Source data
are provided as a source data file.

C=221A%, 222 A%), yielding a pattern that diverges drastically from
the experimental pattern of component 4; thus, the bond-center
configuration is excluded from the candidate model. In contrast,
relaxation calculations predict a modest displacement for the B dimer
(= 0.20 A*), and the simulated hologram of B dimer (Fig. 4e) preserves
the substitutional-site pattern while capturing the observed broad-
ening. Accordingly, component 4 is attributed to boron atoms arran-
ged in the B dimer configuration. The atomic arrangement yielding the
highest similarity to the experimental image was determined by
minimizing the root mean squared error (RMSE). A grid search method
optimized the boron position parameters. As shown in Fig. 4f, the
extracted B-B distance is 2.04 A, indicating an elongation relative to a
C-C bond length of 1.57 A and in agreement with theoretical values of
1.94 A*,1.97 A* and 1.99 A*®.

Detection of hydrogen trapped by boron

Figure 5a, b demonstrate that the photoelectron holograms of
components 2 and 3 closely resemble that of component 1. To
visualize structural deviations from the Bs configuration, these pat-
terns were divided by the component 1 pattern. The resulting ratio
images are displayed in the left panels of Fig. 5e, f. The component 2/
1 ratio image exhibits bright regions along the <001> direction
(orange dashed line), whereas the component 3/1 ratio image exhi-
bits bright regions along the <111> direction (red dashed lines). Horie

et al. previously demonstrated that oxygen vacancies manifest as
dark regions in ratio images”. Conversely, the bright regions
observed in this study indicate the presence of additional hydrogen
atoms surrounding the substitutional boron.

In the component 2/1 ratio image, the bright regions along the
<001> direction suggest that hydrogen atoms occupy bridging sites, as
shown in Fig. 5c. A simulated hologram of an atomic cluster without
carbon atoms, based on the B-H complex with bridging site config-
uration proposed by a first-principles calculation®, is presented in the
right panel of Fig. Se. This model utilizes a B-H distance of 1.20 A*°. The
bright regions in the experimental ratio image exhibit excellent
agreement with the simulation.

On the other hand, the bright regions along the <111> direction in
the component 3/1 ratio image suggest the presence of hydrogen at
the anti-bonding site, as shown in Fig. 5d. The right panel of Fig. 5f
displays a simulated hologram based on the B-H complex with anti-
bonding configuration, incorporating a B-H distance of 1.17 A*®. The
FFPs in the simulation accurately reproduce the experimental features
along the <111> direction.

In the B 1s core-level photoemission spectrum, components 2 and
3 exhibit a chemical shift toward higher binding energy compared to
component 1 of the Bs configuration, indicating that the boron in the B—
H complex possesses a greater positive charge, while the neighboring
hydrogen behaves in a proton-like state. The peak areas of components
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Fig. 3 | Spectro-photoelectron holography analysis of the B 1s core-level. a B 1s
core-level photoemission spectrum obtained from the boron-doped diamond thin
film. Following Shirley-type background subtraction, the spectrum was fitted using
symmetric Voigt functions. Relative energy positions with respect to component 1
are indicated at the top. For details, refer to the source data. b An experimental
hologram of component 1in the B 1s core-level. The left graph displays intensity line
profiles comparing the emission-angle dependence of the C 1s (solid black line) and
component 1in B 1s (dashed red line). ¢ A simulated hologram based on the isolated
substitutional boron model shown in d. ‘Source data are provided as a source
data file.

2 and 3 indicate that boron at the B-H complex with anti-bonding site
configuration is approximately 3.8 times more abundant than in the
bridging site configuration. Most theoretical studies conclude that the
bridge site model is more stable® %2, However, the small difference
in formation energies between the two configurations, coupled with
the fact that the experimental abundance ratios were obtained under

limited temperature conditions, suggests that the results are not sig-
nificantly inconsistent with theoretical predictions.

Spectro-PEH revealed the atomic arrangement surrounding the
dopants in the boron-doped diamond thin film. The chemical shift
observed in the B 1s core-level photoemission spectra is attributed to
the formation of boron aggregates and B-H complexes, as confirmed
by photoelectron holograms. Ratio images identify the trapping sites
of hydrogen atoms neighboring boron. These defect structures arise
from hydrogen introduced during crystal growth and from hydrogen
etching. In conclusion, spectro-PEH effectively correlates core-level
spectral shifts with atomic arrangement and presents a promising tool
for imaging hydrogen atoms.

Methods

Sample preparation

A boron-doped diamond thin film was homoepitaxially grown on a
high-pressure and high-temperature (HPHT) synthetic type Ib (111)-
oriented single-crystal diamond substrate using an ASTeX microwave
plasma-assisted chemical vapor deposition (MPCVD) apparatus™ %,
Trimethylboron [B(CHs)3], diluted in hydrogen and methane, served as
the dopant source. The gas phase composition was controlled with a
methane concentration of 5% and a trimethylboron/methane ratio
([B(CH3);5]/[CH4]) of 9000 ppm, while the total gas flow rate was
maintained at 100 sccm. Based on the growth rate, the film thickness
was calculated to be approximately 300 nm. Synthesis pressure and
substrate temperature were maintained at 110 Torr and 800 °C,
respectively. Following synthesis, the sample was boiled in a 1:3 mix-
ture of HNO5; and H,SO, at 200 °C for 30 minutes to ensure surface
oxygen termination. The boron concentration, estimated by SIMS, was
8-10 x10%cm (4.5 at%). The superconducting transition temperature
determined via the four-point probe method was 10.0 K. The sample
was annealed at 500 °C under ultrahigh vacuum to reduce oxygen-
related contaminations on the surface.

Spectro-photoelectron holography experiments
Spectro-photoelectron holography experiments were conducted at
the soft X-ray beamline BL25SU in SPring-8, Japan, utilizing a Scienta
Omicron DA30 electron energy analyzer. Measurements were
acquired at room temperature with unpolarized synchrotron radia-
tion. The Fermi-edge of the molybdenum sample holder served as
the calibration standard for binding energy. The total energy reso-
lution was set to be ~200 meV. The angle between the beam axis and
the sample surface was set at 5 °. Supplementary Fig. 1 illustrates
experimental geometry. The DA30 analyzer simultaneously captures
photoelectron angular dispersion and kinetic energy (E;) along
the longitudinal slit direction (6,) within an acceptance angle of
+15 °. Furthermore, a built-in deflector permits analysis of the angular
dispersion in the transverse direction (6)) up to a deflection angle of
+10 °. Muro et al. provide a comprehensive description of the
experimental apparatus®.

The kinetic energy dependence of the photoemission intensity
angular distribution (6, 8,, Ex) was acquired by scanning the sample’s
polar angle (6=0-70 °) and in-plane rotation angle (¢ =0-120 °). In
this three-dimensional dataset, the Ey axis represents the photoelec-
tron spectrum. The acquisition of 158,400 photoemission spectra for a
single hologram required approximately 66 hours.

Data processing for spectro-photoelectron holography

The following data processing was performed based on the metho-
dology described in Matsushita et al.?’. Peak fitting was applied to the
measured spectra to retrieve two-dimensional intensity distributions.
Following Shirley-type background subtraction, the spectra were
fitted using symmetric Voigt functions (a convolution of Gaussian
and Lorentzian). Refer to the source data for detailed fitting para-
meters. The resulting images correspond to the two-dimensional
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Fig. 4 | Pattern broadening induced by atomic position shifts in the B dimer.
a An experimentally obtained photoelectron hologram of component 4 in the B 1s
core-level. The left graph displays intensity line profiles comparing the emission angle
dependence of component 1 (solid black line) and component 4 (dashed red line). b,
cillustrate schematics of the B-H complex with bond-center configuration and the B
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hologram and simulated holograms based on the B dimer, with variations in boron
atomic positions. Black dots indicate sampling points; the red star denotes the con-
figuration with the highest similarity. ‘Source data are provided as a source data file.
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Fig. 5 | Photoelectron holograms of the B-H complexes. a An experimentally
obtained photoelectron hologram of component 2 in the B 1s core-level. The left
graph displays intensity line profiles comparing the emission-angle dependence of
component 1 (solid black line) and component 2 (dashed red line). b An experi-
mentally obtained photoelectron hologram of component 3 in the B 1s core-level.
The left graph displays intensity line profiles comparing the emission-angle
dependence of component 1 (solid black line) and component 3 (dashed red line).
Schematics of the B-H complex with (c) bridging site and (d) anti-bonding site
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configuration. e A component 2/1 ratio image (left) and a simulated hologram based
on a B-H complex model with bridging site configuration without carbon atoms,
where hydrogen is aligned in the <001> direction (right). The orange dashed circle
highlights the bright region in the <001> direction. f A component 3/1 ratio image
(left) and a simulated hologram based on a B-H complex model with anti-bonding
configuration without carbon atoms, where hydrogen is aligned in the <111>
direction (right). The red dashed circle highlights the bright region in the <111>
direction. ‘Source data are provided as a source data file.

Nature Communications | (2026)17:3482


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-70231-7

photoemission intensity angular distribution within the range of
+15 © x 10 ° (hologram fragment).

The hologram fragments were mapped to equidistant cylindrical
projection with a 0.5 ° grid. Angular calibration of the C 1s hologram
fragments was performed referencing simulated patterns based on
pristine diamond. Obtained calibration parameter utilized for the B 1s
hologram fragments. Then we composed a hologram from all frag-
ments. The final hologram was obtained by symmetrizing the com-
posited image to take into account the symmetry of diamond
structure. All photoelectron holograms shown in this paper are pro-
jected using an azimuthal equidistant projection.

Photoelectron hologram simulations

Hologram calculations were performed using the total analysis multi-
ple scattering pattern simulation code (TMSP), which utilizes the
partial-wave expansion method for spherical waves®. The calculations
incorporate the electron inelastic mean free path (IMFP) and the
Debye-Waller factor*. Although calculating scattering from individual
atoms within a finite cluster is computationally intensive, this
approach enables the analysis of aperiodic systems without relying on
periodic boundary conditions. For photoelectron kinetic energies
between 100 eV and several keV, backscattering makes a negligible
contribution and is excluded from the simulations.

Simulation parameters were optimized using the experimentally
obtained C 1s hologram. A grid search identified the cluster size and
IMFP that minimized the RMSE, as shown in Supplementary Fig. 2. The
optimal IMFP was determined to be 14 A, consistent with the theore-
tical value of 13.95 A derived from the JPT formula for an electron with
a kinetic energy of 610 eV in diamond®>. This parameter accounts for
signal attenuation due to distant scatterers*’. Regarding cluster size,
the RMSE plateaued near a radius of 17 A. Therefore, to balance com-
putational efficiency with reconstruction accuracy, a cluster radius of
20 A and an IMFP of 14 A were adopted for all simulations.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The source data for Figs. 2-5 are provided as a source data file. All raw
data that supports the findings of this study are available from the
corresponding author upon request. Source data are provided with
this paper.
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