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Fluorescence-yield X-ray absorption fine structure (FY-XAFS) is extensively used for investigating
atomic-scale local structures around specific elements in functional materials. However, conventional
FY-XAFS instruments frequently cannot cover trace light elements, for example dopants in wide gap
semiconductors, because of insufficient energy resolution of semiconductor X-ray detectors. Here we
introduce a superconducting XAFS (SC-XAFS) apparatus to measure X-ray absorption near-edge structure
(XANES) of n-type dopant N atoms (4 31019 cm23) implanted at 5006C into 4H-SiC substrates annealed
subsequently. The XANES spectra and ab initio multiple scattering calculations indicate that the N atoms
almost completely substitute for the C sites, associated with a possible existence of local CN regions, in the
as-implanted state. This is a reason why hot implantation is necessary for dopant activation in ion
implantation. The SC-XAFS apparatus may play an important role in improving doping processes for
energy-saving wide-gap semiconductors and other functional materials.

I
t is known that the doping of light elements into wide-gap semiconductors is difficult compared with Si. This
difficulty is caused by the fact that, in wide-gap semiconductors, dopant atoms can possibly occupy several
substitution sites and moreover lattice damage recovery is complex. Among wide-gap semiconductors, ion

implantation doping into SiC is feasible up to a point1,2. SiC is, therefore, the leading material for practical
products such as Schottky barrier diodes and field effect transistors1. However, 100% dopant activation cannot
be obtained at N concentrations of higher than the critical dose of ,1019 cm23 2,3. The incomplete dopant
activation, which leads to high resistance, counteracts the low power loss due to the intrinsic material properties.
Furthermore, it is even controversial which of the Si and C sites in SiC can be substituted by the N dopant. More
seriously, ion implantation doping has not yet been established in other materials such as ZnO, GaN and
diamond.

One critical hurdle is that no analytical method for atomic-scale local structures has been realised for trace light
elements in matrices4. Transmission electron microscopy can visualise individual dopant atoms, for example, Sb
in Si5 and Y in Al2O3

6, but it is limited to heavy elements in light matrices. Three-dimensional tomographic atom
probe seems not to have enough spatial resolution for fixing substitution sites7,8. Scanning probe microscopy can
image dopant atoms, but it is difficult to obtain site information9. Dopant site occupation has been studied by
electron paramagnetic resonance, electron nuclear double resonance and nuclear magnetic resonance spectro-
scopy10,11. However, because these techniques require bulk samples, they are unsuitable for ion-implanted surface
layers. The only possible technique for solving this problem may be X-ray absorption fine structure (XAFS)
spectroscopy.

Fluorescence-yields (FYs) obtained by scanning monochromatic synchrotron radiation (SR) energy provide a
method for measuring the XAFS spectra of specific trace elements12. However, conventional semiconductor
energy-dispersive-X-ray (EDX) spectroscopy can insufficiently cover the soft X-ray region below 1 keV13, in
which the K lines of light elements such as Li, B, C, N and O are present. Although the latest Si drift detector
recorded an excellent energy resolution (DE) of 48 eV in full width at half maximum (FWHM) for the O–K line
(525 eV)14, it is difficult to separate the weak N–K line from the strong C–K line tail in N-doped SiC samples,
because the C–K edge energy of 284 eV is lower than the N–K edge energy of 410 eV. For that purpose, an energy
resolution of better than ,15 eV is desirable to eliminate the C–K line disturbance.
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Superconducting detectors overcome the theoretical limit of semi-
conductor detectors15. Superconducting tunnel junction (STJ) array
detectors are suitable for bright SR beams because of an acceptable
high flux of over 20 k photons/s per pixel with sufficient DE values of
8–15 eV depending on the junction size, junction layer structure,
and superconductor materials13,16. A group at the Lawrence Liver-
more National Laboratory pioneered FY–XAFS spectroscopy with
STJ detectors13. However, to date, the application to semiconductors
has been limited to our report on an N-doped ZnO sample (3 3

1020 cm23)17. In ZnO, the X-ray absorption near edge structure
(XANES) spectra, which are sensitive to the three-dimensional
arrangement of atoms in space, were used to locate the N substitution
site and also indicate N2 formation after annealing. In contrast to N-
doped SiC, no strong background from the matrix at the SR beam
energy of the N K-edge exits in the N-doped ZnO, since the N K-edge
is lower than the O K-edge. In this study, the performance of the SC-
XAFS instrument was improved to analyse N-doped SiC.

Results
Figure 1a shows a close-up photograph of the 200-mm-square Nb–
Al STJ pixels in the superconducting detector. An array detector
with 100-mm-square STJs were also fabricated. The pixel number

distribution as a function of DE for the O-K line in the 100-mm-
square STJs is plotted in Fig. 1b. The current SC-XAFS system has
the largest operating pixel number to the best of our knowledge. The
distribution is narrow and within 10–20 eV: a standard deviation of
2.8 eV was associated with a meanDE value of 14.2 eV that is enough
for separation of the K lines of the adjacent light elements. The DE
values were limited by the read-out electronic noise of typically
10 eV, so that the theoretical DE limit18 of ,2 eV for the O-K line
could not be attained at this moment. The DE values for the 200-mm-
square pixels were only slightly better than that of the Si drift
detector, although they had a larger sensitive area. Therefore, the
100-mm-square STJ array detector was used in this study.

An example of the fluorescence spectra at an SR beam energy of
453 eV for the 4H-SiC sample in the as-implanted state (4 3 1019 N
atoms cm23) is shown in Fig. 2. The spectra of the 80 operating STJ
pixels were integrated. Inappropriately, the first- and second-order
SR beams are recognised as a consequence of elastic scattering. In
addition, the second-order SR beam produces the O-K peak that may
originate from an oxidised surface layer. In the linear scale plot
shown in the inset, only C-K peak is recognised, whereas in the log
scale plot, the SC-XAFS apparatus enables the extraction of the weak
N-K peak from the spectral complexity.

Figure 3a shows the XANES spectra after background subtraction
with the energy window shown in Fig. 2 for three samples: as-
implanted at 500uC, annealed at 1400uC, and annealed at 1800uC.
It has been well known that ion implantation at elevated tempera-
tures is critical for high-dose doping in SiC2, but there is no report on
local structures of implanted dopants and thus the cause has not been
known. In all XANES spectra, peaks and bumps are recognised at
405 eV and 420 eV. The shapes slightly change with annealing; in
particular, the small oscillations observed above 425 eV in the as-
implanted sample disappear after annealing. The origin of this
change is unclear, but it may be related to N-defect pairs19, stacking
faults forming quantum wells in the 4H matrix20 or other extended
defects formed by post-annealing. In fact, it has been confirmed by
the ion channeling measurements described below that interstitial
atoms induced by the ion implantation are reduced by annealing at
1400 and 1800uC, so that remaining detects should have some orders.

Figure 1 | Superconducting X-ray detector. (a) Close-up of the 100 pixel

array detector with 200-mm-square superconducting-tunnel-junctions

(STJs). Because of the better energy resolution (DE), an array detector of

100-mm-square pixels with the same arrangement was used to measure

XANES of N in SiC. (b) Histogram of DE values for the 80 operating 100-

mm-square STJs. The solid line shows a Gaussian fit with a mean value of

14.2 eV and a standard deviation of 2.8 eV.

Figure 2 | Fluorescence spectrum at a probe energy of 453 eV for the 4H-
SiC after N implantation at 5006C and a dose of 4 3 1019 cm23. The data

for the 80 operating pixels were integrated. The O-K peak was produced by

the second-order SR beam at 906 eV. The peak at 700 eV may be assigned

to the Fe-L line due to a material surrounding the sample. The bar near

400 eV shows the energy window for the XANES spectra in Fig. 3. The inset

shows a linear scale plot.
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The small structure below 400 eV for the as-implanted sample in
Fig. 3a also disappears after annealing. In CN samples, the structure
in this energy range, which is assigned to 1s Rp * transitions show
evidence of C-N bonds21. It is possible that local CN regions are
formed after the N implantation at 500uC in the disordered state
revealed by the ion channeling measurements. No structure below
400 eV was observed in the Si-N bond in SiN22. It is, therefore,
reasonable that the CN regions disappear and only Si-N bonds
remain after annealing.

The lattice damage and annealing recovery measured by the He1

ion channeling is shown in Fig. 3b. The lattice disorder after the N
implantation is approximately 3 3 1021 cm23, and recovers to the
virgin level after annealing at 1800uC. A slight but meaningful dis-
order remains after annealing at 1400uC. The ion channeling is affec-
ted predominantly by the atoms displaced from lattice sites, which
are point defects such as interstitials. It is less sensitive to extended
defects like staking faults or long-range modulations23 that have only
small effect on the continuous atomic rows. Therefore, the lattice
disorder in Fig. 3b represents mostly interstitial atoms displaced
from the lattice sites.

Discussion
In order to discuss the substitution sites of N, ab initio multiple
scattering calculations in Fig. 4a were performed using FEFF8.424

with the XANES, full multiple scattering (FMS) and self-consistent
field (SCF) cards for the N substitution of the Si and C sites in the 4H
and 3C polytypes shown in Fig. 4b, including the two non-equivalent
sites either for Si and C in the 4H polytype. It was assumed that the
lattice cell was the same as that of the non-doped SiC. The scattering
potentials were calculated self-consistently with cluster sizes between
27 and 295 atoms that cover spheres of 0.4–0.9 nm in radius, includ-
ing the Hedin–Lundqvist/Quinn self-energy for excited states. The
convergence of the calculation was obtained in all cases. The calcula-
tion results and the conclusion of this report were not meaningfully
affected by the cluster sizes. The FEFF calculations for the C-site
substitution seem to fit to the experimental XANES spectra.

Figure 3 | XANES spectra and lattice disorder. (a) XANES spectra in the

as-implanted state and after annealing at 1400uC or 1800uC. (b) Lattice

disorder calculated from He1 ion channeling yields of the Si atoms. The

error bar is indicated by the vertical solid line.

Figure 4 | Ab initio multiple scattering calculations. (a) XANES spectra

calculated with FEFF8.424 for the N atoms in 4H- and 3C-SiC. The

difference between the Si and C sites is apparent, whereas the spectra for 4H

and 3C are nearly the same. (b) Crystal structure models of the N-doped

4H- and 3C-SiC with possible substitution sites indicated by the arrows.

The solid lines show one-fourth of the 4H hexagonal unit cell and the 3C

cubic unit cell.
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The stacking faults should be considered before further discussion
because SiC has approximately 250 polytypes with different stacking
sequences of the close-packed Si and C sheets. The polytypes have
hexagonal or cubic symmetry, mainly symbolised by 4H and 3C,
respectively. In highly N-doped 4H-SiC samples like the present case,
a six-layer stacking of the 3C cubic sequence (double layer Shockley
fault) appears as a large number of 1.5-nm-thick lamellas parallel to
the (0001) basal plane, which is explained by electronically preferable
spontaneous transformation during annealing20,25. The spontaneous
transformation should occur when the annealing temperature is
above ,1400uC at the N doping concentration of 4 3 1019 cm23 20.
The annealing temperature of 1800uC in this study apparently meets
this condition. Stacking faults in ion-implanted samples have been
routinely reported in the literature26. Therefore, the XANES spectra
were calculated for both 4H and 3C polytypes. The calculation
results, unfortunately, show that the difference between 4H and 3C
is extremely small. Nevertheless, according to an FEFF calculation,
extended X-ray absorption fine structure (EXAFS) may be accessible
for the differentiation between the N atoms in the 4H matrix and the
3C lamellas in the future.

The experimental XANES spectra in Fig. 3a were well reproduced
by the FEFF calculations for the N atoms in the C sites either in the
4H or 3C polytypes. The Si site substitution produces totally anti-
phase spectra, and thus it is denied. This provides direct evidence that
the N atoms substitute for the C sites even in the as-implanted state as
well as after post-annealing at high temperatures. Although the pos-
sibility of an extremely small percentage of Si-site substitution can-
not be rejected, this study has settled the discrepancy in the
substitution sites in the literature10,11,27.

The SC-XAFS data and the FEFF calculations are indicative that
the implantation at 500uC results in an almost perfect N substitution
of the C site with the point defects and the possible local CN regions,
both of which can be removed by post-annealing. The C-site substi-
tution in the as-implanted state is critical for dopant activation in
SiC, which is totally different from the doping procedure in Si. The
interstitial defects in the SiC sample decrease significantly after
annealing at 1400uC, and the residual defects finally relax through
the spontaneous 4H-3C transformation at 1800uC. Therefore, the
post-annealing is not essential to the substitution of the C lattice site
but to the reduction of point defects. The incomplete activation of the
dopant is possibly caused by carrier localization in the 3C lamellas, Si
vacancies, or N2 formation, which may be induced from stoichi-
ometric deviation due to the N implantation or Si sublimation. It is
suggested that annealing at lower temperatures is required to realise
high-dose doping with a 4H single-phase matrix because the critical
annealing temperature for the spontaneous transformation
decreases as the N dose increases20. However, since annealing at
low temperatures is ineffective for removing the defects completely,
the high dose 4H-SiC may be unrealistic without a non-equilibrium
annealing process. Alternative direction for high-performance SiC
devices may be using 3C-SiC substrates to realise high dose doping
with a 3C single-phase matrix because the lowest band gap among
the polytypes prevents the spontaneous transformation.

In conclusion, the present analysis results illustrate that the SC-
XAFS apparatus has a significant potential for contributing doping
technique development for B, N, Al, and P in SiC and for other wide-
gap semiconductors. The combination of SC-XAFS and the FEFF
code in the soft X-ray energy range less than 1 keV is versatile for
analysing K-lines of trace light elements or L-lines of impurities that
are key components of numerous functional materials also for spin-
tronics, solar cells, and magnetism.

Methods
The details of fabrication, structure and specification of the detector can be found in
Supplementary Information. In brief, the SC-XAFS apparatus includes a fully auto-
mated 0.3-K cryostat without using liquid He, a cold finger for mounting a detector
chip, FET-based charge-sensitive preamplifiers, a digital signal processing system

with field programmable gate array (FPGA) chips for 100 pixels and a load-lock for
sample exchange28. The 80 operating pixels cover a solid angle of approximately 2 3

1023 sr at a detector–sample distance of 20 mm. The parallel read out circuit system
ensures that the acceptable photon flux is well over 1 M photons/s in total. The
detector was cooled at 0.3 K, whereas the samples were at room temperature. The SC-
XAFS apparatus was installed in the BL-11A beamline (photon fluxes of 109–1010

photons/s) at the High Energy Accelerator Research Organisation Photon Factory
(KEK PF)29. Each fluorescence spectrum, which averages the structural information
in the entire ion-implanted depth region, at a certain SR beam energy was acquired for
900 s at an interval of 1–2 eV. The XAFS spectra could be monitored on-line by
setting an energy window for a specific element, or detailed adjustment of the energy
window could be performed off-line for elemental selection and minimisation of the
effect of the scattered probe beam in order to obtain reliable XAFS spectra.

Nitrogen ions were implanted at several energies from 10 to 120 keV into a 4H-SiC
substrate at 500uC to obtain a flat N distribution at 4 3 1019 cm23, which is about one
order more dilute than in the N-doped ZnO case, in a depth range of 0–200 nm. The
dose is also more than the critical dose for the 100% activation. Post annealing was
performed at 1400uC or 1800uC for 5 min in an Ar atmosphere.

The ion channeling analysis for the [0001] axis was performed using 2.3-MeV He1

ions at a scattering angle of 160u. A comparison between the random and aligned
(channeling) spectra for Si atoms provided atomic disorder densities as a function of
depth, following a calculation method in ref. 30.
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