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Abstract:  Formation of highly controlled p-type and n-type conductive layers in diamond by 
ion implantation technique has been strongly desired for realizing diamond-based electronic de-
vices for decades; however practically available doping condition has not been found especially 
in n-type doping. In this study, we comprehensively determined the local structures and depth 
profiles of implanted P atoms as n-type dopant to find out the origin of inactivation of implanted 
P atoms. The local structure around the implanted P atoms was analyzed by X-ray absorption 
fine structure using synchrotron-radiation-light and the first-principle calculation based on 
density functional theory. We found at least four components for all prepared samples in the 
near edge X-ray absorption structure, suggesting that implanted P atoms locate in four differ-
ent chemical environments. We eventually assigned all the components by comparing the simu-
lated X-ray absorption with the first-principle theoretical calculation: one of the components 
corresponds to active phosphorus atom in the substitutional site, and others are the elemental 
P-P bonds and some defect complexes probably acting as inactive species for n-type dopant. 
These facts suggest that the knowledge of local structure of implanted P atoms and control of 
them are substantially important to reduce the inactivation factors of the implanted dopants.
Keywords : ion implantation doping, chemical bonding structure, synchrotron radiation light, 
X-ray absorption fine structure, DFT calculation
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Introduction
Effective impurity doping in diamond especially by 
ion implantation technique has been one of the cru-
cial issues for realizing electronic power devices. The 
advantage of ion implantation doping is that the 
degree of freedom for device design is significantly 
expanded since one can dope almost all impurity 
atoms in designated area and depth with an accu-
rate concentration. This fact finally results in short 
process time, large area doping, and low financial 
cost in fabricating integrating devices. The ion im-
plantation doping has been therefore successfully 
used in device fabrications of Si- and GaAs- based 
semiconductor technology today 1-3). In the case of 
diamond semiconductor fabrication, there are so far 

some reports on ion implantation doping focused on 
substrate quality, ion implantation conditions, and 
activation annealing processes; however, electrical 
activation of doped impurities in diamond by ion 
implantation has not been sufficiently accomplished 
yet 4-7). Quite recently, we succeeded in high-efficient 
heavy B doping around 1019 cm-3 concentration by B 
ion implantation at room temperature (RT) followed by 
activation annealing at 1150 to 1450 ℃ 8-10). We conse-
quently realized excellent p-type conductivity and 
confirmed a typical ionization energy of acceptor B 
in a wide temperature range from 150 K to 1073 K. 
The doping efficiency progressed remarkably and 
reached 78 %, and the Hall mobility at RT was real-
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ized to be 108 cm2 V-1s-1. We also succeeded in fab-
rication of p-type Schottky barrier diode by all-ion-
implantation doping process recently 11, 12).
  On the other hand, n-type doping in diamond is 
the most difficult issues today. It is recognized that 
phosphorus atom with an ionization energy of about 
0.6 eV is now the most probable dopant candidate for 
n-type impurity in diamond. Gas-phase CVD doping 
especially on the (111) diamond surface is today the 
probable way that the practically available proper-
ties are somehow realized 13-17). In the case of ion 
implantation doping, however, the electrical activa-
tion of implanted P atoms has not succeeded yet 18). 
Therefore, the investigation of true origin for the 
electrical inactivation of implanted donor P atoms 
should be important to realize the effective n-type 
doping into diamond. Recently, Shikata et al . report-
ed local structure of phosphorus atom in (001)- and 
(111)- oriented diamond by gas-phase doping in CVD 
analyzed by X-ray absorption spectra; however, they 
could not narrow down the local structure of doped 
P atom definitely 19, 20).
  In this study, we comprehensively studied the local 
structures near the implanted impurity P atoms. We 
carried out P implantation at RT with doping con-
centrations of 5×1018 and 2×1019 cm-3, which almost 
the same condition that we succeeded in the electri-
cal activation of implanted boron. The local struc-
ture around the implanted P atoms was analyzed 
by X-ray absorption near-edge structure (XANES) 
spectrum using synchrotron-radiation light and the 
first-principle calculation base on density functional 
theory (DFT) for electronic structures.

Materials and methods
(001)-oriented type IIa diamond substrates with a 
typical size of 3×3×0.25 mm3 purchased from Ele-
ment Six Ltd were first treated by a typical wet 
chemical process for diamond surface: dipping in the 
mixture of sulfuric acid and hydrogen peroxide at 
200 ℃ for 30 min followed by diluted ammonia and 
hydrogen peroxide solution at 80 ℃ for 20 min. The 
sample was then introduced in a vacuum chamber 
for P ion implantation. We performed P ion implan-
tation at eight multiple incident energies from 10 
to 150 keV to obtain flat doping concentration from 
near surface to 150 nm with doping concentrations 
of 5 ×1018 and 2 ×1019 cm-3 21). The total fluences 
were 6.2×1013 and 2.5×1014 cm-2, respectively. The 
observed depth profile of implanted P atom for the 
former case evaluated by secondary ion mass spec-
troscopy (SIMS) method is shown in Figure 1. We 
then deposited thin SiO2 film with about 100 nm 
thick to prevent the degradation of diamond surface 
and anomalous diffusion of atmospheric species in 
the following high-temperature activation annealing 
at 1300 ℃ for 2 h 22). After the activation annealing, 
the cap layer was completely eliminated from the 
surface by dipping diluted HF solution, and the sur-
face was cleaned up again by the typical wet chemi-
cal treatment. 
  Local structure around the implanted P atoms in 
diamond was analyzed by XANES spectrum us-
ing synchrotron-radiation-light. As shown in Fig. 
2, XANES spectrum strongly reflects the electronic 

Fig. 1.  Observed depth profile of implanted phosphorus 
atom measured by SIMS.

Fig. 2.  Schematical concept of X-ray absorption mecha-
nism in an atom and absorption spectrum.
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structure of unoccupied states involving local atomic 
structure and chemical environment around the 
excited atom. The XANES spectrum was measured 
at beam line 13 (BL-13) at SR center, Ritsumeikan 
University shown in Fig. 3. This beam line mainly 
consists of three optical systems of front toroidal 
mirror, Si(111) double crystal monochromator, and 
post toroidal mirror. One can utilize monochromated 
SR-light with photon energies from 1200 to 5000 eV, 
in which the K-shell electron of P with binding ener-
gy of ~2100 eV can be effectively excited. The cham-
ber for X-ray absorption measurement is closely set 
within only 2 m distance from the electron storage 
ring, allowing us to measure the spectra with excel-
lent statistics: the typical photocurrent on the I 0 

monitor mesh was ∼100 pA. The energy calibration 
was carried out by the energy of K absorption edge 
for the standard FePO4 compound material. The 
absorption spectra were recorded with two detec-
tion modes of total electron yield (TEY) and partial 
fluorescence yield (PFY) by integrating emitted sec-
ondary electrons and characteristic X-ray photons, 
respectively. The former detection mode is sensitive 
from surface to ∼100 nm depth by integration of pho-
tocurrent from the sample. The latter mode provides 
the information from deeper layers until several μm 
by a silicon drift detector. 
  Experimentally obtained XANES spectra were 
analyzed by comparing with simulated spectra by 
first-principle calculation by assuming probable lo-
cal atomic structures. Today, some DFT calculation 
packages include an option of XANES spectrum cal-
culation. In this study, WIEN2k package was used 
for self-consistent DFT calculations 23). The WIEN2k 
package is known as the most accurate calculation 
for electronic states especially in core electrons due 
to all-electron full potential calculation without 
pseudo-potentials. We employed the generalized 

gradient approximation by Perdew-Bruke-Ernzerhof 
(PBE) functional for exchange and correlation po-
tential in Hamiltonian 24, 25). A Brillouin zone sam-
pling with 4×4×4 grid for wave vectors were used 
in the present calculations. In structure optimiza-
tion, we repeatedly carried out the calculation until 
the Hellmann-Feynman force and energy were well 
converged. It took typically several days with a high-
performance workstation for sequential simulation 
of each local structure.

Results
Figure 4 shows XANES spectra detected by TEY 
(a) and PFY (b) mode for the samples with different 
doping concentrations of 5 × 1018 and 2 × 1019 cm-3. 
For reference, simulated XANES spectrum of sub-
stitutionally doped P is also shown in Fig. 4. Here, 
we focus on the near-edge absorption structure ap-
pearing between 2140 to 2160 eV, which is strongly 
influenced from the local atomic structure of doped 
P atom. It is clearly found that four components de-
noted by A, B, C, and D are observed in all spectra, 
suggesting that implanted P atoms locate in four 

Fig. 3. Schematical view of compact XAFS measure-
ment system in BL-13 at SR-CENTER, Ritsumeikan 
University.

Fig. 4. Experimentally observed XANES spectra of the 
K-absorption edge observed for the samples in various 
implantation conditions. The curve drawn with green 
color denotes simulated spectra by DFT calculation as-
sumed by the local structure of substitutionally doped 
P atom.
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different chemical environments. Compering the 
peak and dip structures observed in the experimen-
tal spectrum to those in the simulated spectrum as-
sumed by substitutional P structure (green curve), 
the component B is assigned to the substitutional P 
atom. The relative peak intensity for the component 
C at the surface sensitive condition (TEY mode) is 

found to be strongly increased. On the other hand, 
peak A and D are apparently bulk sensitive. As in-
creasing the doping concentration, the intensities of 
A and D components are increased and that of C is 
decreased. The origin of XANES spectra and depth 
profiles of these components are discussed below.
  In order to precisely interpret the XANES spectra, 

Fig. 5. Simulated XANES spectra assumed by the most 
probable hydroxyl complexes of (a) Psub-OH, (b) Psub-H, 
and (c) Psub-O. The blue dashed line denotes the energy 
position of observed peak C component.

Fig. 6. Simulated XANES spectra for three typical va-
cancy complex structures of (a) Psub-VO, (b) Psub-VH, (c) 
Psub-V, and (d) Psub-V2. The blue dashed line denotes the 
energy position of observed peak D component.

Fig. 7. Depth profile analysis by comparing XANES spectra observed for the sample at RT implantation measured 
by two detection modes of TEY and PFY.
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we performed DFT calculations and compared the 
experimentally observed spectrum structures to 
simulated ones. Figure 5 shows simulated XANES 
spectra assumed by some probable hydroxyl com-
plexes of (a) OH bonded with substitutional P (Psub-
OH), (b) H bonded with substitutional P (Psub-H), 
and (c) O bonded with substitutional P structures 
(Psub-O). The atomic configuration images after ener-
getically minimized final structures projected along 
[110] axis are also shown in this figure. It is clearly 
seen that the energy position of peak C in the ex-
perimental XANES spectra (2150.5 eV) is very close 
to that of the Psub-OH structure or mixture of Psub-
H and Psub-O structure, suggesting that the peak C 
component probably consists of hydroxyl complexes. 
  Figure 6 shows simulated XANES spectra for four 
typical vacancy (V ) complex structures of (a) VO 
complex bonding with substitutional P (Psub-VO), (b) 
VH complex bonded with substitutional P (Psub-VH), 
(c) V bonding with substitutional P (Psub-V), and (d) 
divacancy (V 2) bonding with substitutional P (Psub-
V2). The energy positions of the main peak for Psub-
VH, Psub-V and Psub-V 2 are found to be significantly 
close to that of peak D. This small component at the 
highest energy corresponds to phosphorus and va-
cancy complexes.
  As already mentioned above, we measured 
XANES spectra by two detection modes of TEY and 
PFY. TEY mode is surface sensitive and detects 
the information within about 100 nm in depth and 
PFY mode detects the information in deeper region 
until several μm depth, which allows us to analyze 
the depth profiles of the local structures. Figure 7 
shows XANES spectra observed by TEY and PFY 
modes for the samples with (a) low doping concen-
tration (5×1018 cm-3) and (b) high doping concentra-
tion (2×1019 cm-3) formed by P implantation at RT. 
It is clearly found that the relative intensity of peak 
C increased significantly in shallower region for 
both samples of low and high dosages. On the other 
hand, the intensities of peak A and B significantly 
increased in the deeper region. The intensity of peak 
D was slightly increased in the deeper area and also 
by higher dosage. On the other hand, K-absorption 
edge for black and red phosphorus was observed 
around 2145−2147 eV according to the previous re-
ports, indicating that peak A locating at the lowest 
energy can be assigned to P-P bonds 26, 27). Finally, 

estimated peak energy and probable local structure 
of each component are summarized in Table 1.

Discussion
According to the XANES spectra and DFT calcula-
tion, most of implanted P atoms are existent in the 
substitutional site, though most of them preferably 

form defect complexes. Since the peak intensities of 
B and C were respectively decreased and increased 
in the shallower area alternatively, it is suggested 
that substitutionally arranged P atoms near the 
surface region were preferably bonded with intersti-
tial hydroxyl defects. These hydroxyl species locat-
ing near surface region are probably diffused from 
surface during annealing process via irradiation 
defects. Furthermore, vacancy-complex structures 
are distributed around deeper area and significantly 
increased with increasing ion fluence. It is quite 
reasonable that ion implantation of heavy elements 
with higher dosage generally creates many defects 
and self-clusters in deeper area. 
  It is readily predicted that termination of impurity 
P in substitutional site by such interstitial defects of 
hydroxyl and vacancy complexes should electrically 
inactivate the function of donor. It is suggested in the 
previous reports on P doping by CVD method that 
incorporations of a large amount of H as well as in-
duced vacancies fatally inactivate donor atoms 28, 29). 
These facts suggest that the control of local structure 
around implanted P atoms is substantially important 
to reduce the inactivation effect of donor properties 
of dopant. In addition, we show that the technique of 
synchrotron-radiation X-ray absorption spectroscopy 
is one of the powerful tools for determine the local 
structure of doped atoms.
  We in summary investigated the local structures 
and depth profiles of phosphorus atoms doped by 
ion implantation in various doping conditions. The 
P implantations were performed at RT with doping 
concentrations of 5×1018 and 2×1019 cm-3. The local 

Table 1. Estimated peak energy and probable local 
structure for observed components in XANES spectra 

component energy (eV) local structure
A 2145.7 P clusters
B 2147.8 Substitutional site
C 2150.5 OH complex
D 2152.3 Vacancy complex
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structure around the implanted P atoms was ana-
lyzed by XANES using synchrotron-radiation light 
and the most reliable first-principle DFT calculation 
with WIEN2k code. In the XANES spectra, four 
components were clearly observed for all prepared 
samples, indicating that implanted P atoms locate 
in four different chemical environments. We eventu-
ally assigned all the components by comparing the 
absorption energies between experimental and sim-
ulated XANES spectra. As a result, four components 
are assigned to be P in substitutional site, P bonded 
with hydroxyl defects, P bonded with vacancies and 
P clusters. The depth profiles of these components 
are quite consistent with the features of ion implan-
tation with heavy atoms. The present study strongly 
suggests the importance of not only the control of 
local structures around implanted dopants but also 
the establishment of methodology for determining 
local atomic structures of dopants.
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