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Fabrication of n-Type Doped V-Shaped Structures on (100)
Diamond

Christoph Schreyvogel,* Solange Temgoua, Christian Giese, Volker Cimalla,
Julien Barjon, and Christoph. E. Nebel

1. Introduction

Diamond has outstanding physical and electronic properties,
rendering it an attractive material for fabricating next-generation
wide-bandgap devices. Today, through microwave plasma-
enhanced chemical vapor deposition, growing high-quality
intrinsic, n-type and p-type diamond films is possible, enabling
the realization of both unipolar (e.g., Schottky diode) and bipolar
(e.g., pin diode) devices.[1–3] For doping diamond, phosphorus
(P) and boron (B) are used as n-type and p-type dopants, respec-
tively, i.e., phosphorus is considered as a donor and boron as an

acceptor.[4] In 1997, Koizumi et al.[5] were
the first to demonstrate the homoepitaxial
growth of n-type layers on (111) diamond
by adding a phosphorus precursor to the
CH4/H2 gas mixture in the growth cham-
ber. Since then, phosphorus has been the
most promising dopant for realizing n-type
diamond. Almost a decade after this discov-
ery, n-type doping of (100)-oriented dia-
mond has been established.[6] This
achievement marked an important step
because (100) diamond offers many advan-
tages compared with (111) diamond, such as
with respect to polishing, crystal defect den-
sities, and size upscaling.[7] Meanwhile,
wafer-size (100) diamond larger than 3 in.
has been demonstrated by heteroepitaxial
growth.[8] Therefore, for the development
of future power devices, (100)-oriented dia-

mond is preferred. Although many unipolar and bipolar power
devices have been developed since then, the full performance
potential of these devices has yet to be realized, partially because
of the high resistivity of n-type doped diamond films, which
increases the serial resistance and degrades Ohmic contacts.
One reason for this is that, for (100) diamond, the P incorporation
efficiency is very low, approximately two orders of magnitude
smaller than that of (111) diamond. In addition, electrically inac-
tive or acceptor-like defect states compensate for the n-type dop-
ing.[4,9,10] Despite numerous theories, the exact nature of those
compensating defects still need to be experimentally elucidated.

Therefore, improving the electronic properties of n-type doped
(100) diamond, especially to achieve heavily P-doped layers,
presents a challenge. Furthermore, despite achieving lower
n-type doping concentrations using (100) diamond, we get
improvements to the Hall mobility and the crystal quality,[11]

which is another advantage of this crystal orientation for the
fabrication of power devices.

Different methods have been proposed in the literature for
improving the electrical contacts on n-type layers on (100)
diamond. One example is the partial graphitization of the n-type
surface to reduce the potential barrier between the n-type layer
and the metal contact.[12] Another example is the selective growth
of a highly P-doped layer on (100) diamond in the (111) growth
direction. To achieve this, U-shaped patterns were fabricated by
inductively coupled plasma etching, which initiated the (111)
growth in the corners at the bottom of U-shaped pattern.[13]

Unlike silicon, no wet-chemical etching processes are
known for the fabrication of V-shaped structures on diamond.
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Herein, a technological process for the fabrication of n-type doped V-shaped
structures on (100) single-crystalline diamond substrates, designed to overcome
the limitations of n-type doping on (100) surfaces, is presented. This doping
enhancement process can be applied to realize electronic power devices such
as a junction barrier Schottky diode or junction field effect transistors with
low on-resistance. Herein, a catalytic etching process is performed by using
square-shaped nickel masks on the diamond surface and annealing in a hydrogen
atmosphere, resulting in the formation of inverted pyramidal structures with flat
{111} sidewalls. The resulting V-shaped structures are subsequently overgrown
with phosphorus-doped diamond to achieve n-type doped facets with higher
doping concentrations. Cathodoluminescence studies reveal the predominant
incorporation of phosphorus donors on the {111} sidewalls of V-shaped
structures.
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In general, plasma etching processes, such as reactive ion etch-
ing with metal masks on the diamond surface, are used.[14,15]

However, owing to the etching mechanism, this process cannot
create V-shaped structures with well-defined {111} facets as side-
walls. In addition, the plasma process generates defects and
roughness on the diamond surface, which impairs overgrowth
and degrades the device performance, for example, by reducing
the carrier mobility and lowering the breakdown voltage. To
achieve the necessary V-shaped structure with {111} facets as
sidewalls, an alternative, non-plasma etching method that has
high anisotropy and generates fewer defects is required. It is well
known that diamond can be etched catalytically by using a metal
mask on the diamond surface and exposing it to a hydrogen (H2)
atmosphere at elevated temperatures.[16–18] This catalytic etching
is based on a thermochemical solid-solution reaction between
the metal film on the diamond surface and the carbon atoms in
the diamond lattice, followed by the subsequent gasification of
the dissolved carbon in the metal film. Efficient etching requires
a metal with a high carbon solubility. Metals satisfying this
requirement include nickel (Ni), cobalt (Co), and platinum (Pt),
of which Ni and Pt have the highest and lowest carbon solubil-
ities, respectively.[19]

Recently, Temahuki et al.[20] demonstrated the fabrication of
such microstructures by catalytic etching with Ni nanoparticles.
The subsequent overgrowth of those structures using highly phos-
phorus-doped diamond notably improved the Ohmic contact prop-
erties to the n-type doped diamond on a (100) substrate. While this
process forms structures with irregular sizes and positions, for
electronic device fabrication, it is recommended that the shape,
size, and position of the V-shaped pattern are controlled.

In this article, we present a process for fabricating defined V-
shaped structures on a (100) diamond surface, which has {111}
facets that can be overgrown subsequently with an n-type layer.
Furthermore, using cathodoluminescence (CL), we demonstrate
the predominant incorporation of phosphorus donors on the
{111} sidewalls.

2. Results and Discussion

2.1. Catalytic Etching to Produce V-Shapes with {111} Facets

2.1.1. Basic Mechanism of Catalytic Etching of Diamond

Figure 1 shows a schematic representation of the basic mecha-
nisms involved in the catalytic etching process. Although it

remains to be elucidated fully, we describe here our current
understanding of the etching mechanism. Further details can
also be found in the literature.[16–18] A diamond sample with a
Ni film on the surface was exposed at elevated temperatures
(850 �C in this case) to a hydrogen atmosphere. The bonds
between C atoms in the diamond lattice at the interface to the
Ni film were broken, while the Ni film catalytically dissociated
gaseous hydrogen molecules into hydrogen atoms. Owing to
the concentration gradient of each constituent in the Ni film,
C atoms diffused toward the interface of the Ni film–hydrogen
atmosphere, while hydrogen atoms diffused toward the interface
of the Ni film–diamond surface. Hydrogen atoms in the film
subsequently gasified the dissolved carbon atoms, leading to
the formation of methane (CH4) or other hydrocarbon complexes
(CxHy). These hydrocarbon molecules diffused out of the Ni film
and desorbed. These steps were repeated continuously, and thus
this mechanism was responsible for the constant release of
dissolved C in the Ni film, preventing the saturation of C in
the Ni film and promoting the ongoing etching of diamond.
As the Ni film breaks the covalent bonds of the C atoms in
the diamond lattice, we have to consider the bonding between
the C atoms within different crystal planes. The {111} planes
are the closest packed planes; therefore, C atoms in these planes
are strongly bound. Consequently, these planes are more resis-
tant to the dissolution of C atoms in the diamond lattice.[21]

On (100) diamond, etch pits resembling (truncated) inverted
pyramids with four {111} planes as sidewalls were formed.
This etching anisotropy observed for diamond is comparable
with the chemical etching of silicon with KOH solutions.

This theory of etching mechanism, which is described above,
can be deduced from the following experimental evidences pub-
lished in the literature and summarized in the following.[17,18]

First of all, when a diamond film with a Ni mask on the surface
is annealed in vacuum, i.e., without a hydrogen atmosphere,
there is no desorption of carbon dissolved in the Ni film. This
leads to the formation of a nucleated carbon layer in the Ni film
measured with energy dispersive X-ray analysis (EDX). This
carbon layer results in stopping of the catalytic etching activity
proving that hydrogen is required for a removal of carbon dis-
solved in Ni. By adding a hydrogen atmosphere, the chemical
composition of the exhaust gas of the annealing oven was
investigated with a quadrupole mass spectrometer, proving that
methane is the main hydrocarbon species produced during
the catalytic etching procedure. Furthermore, the higher the
pressure of hydrogen gas in the oven, the higher is the etching

Figure 1. Schematic representation of the basic mechanisms involved in a catalytic etching process. A catalytic dissolution of carbon atoms in the
diamond lattice by the Ni mask and the subsequent gasification of the dissolved carbon atoms by the hydrogen atoms (formation of hydrocarbon
molecules) leads to the formation of an inverted (truncated) pyramidal (V-shaped) structure with {111} facets.
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of diamond due to enhancement of catalytically generated
atomic hydrogen and desorption of carbon (hydrocarbon
molecules).

There are two different theories with respect to the formation
of gaseous hydrocarbon species. One theory is that due to the
concentration gradient of each constituent in the Ni film, C
atoms diffused toward the interface of the Ni film–hydrogen
atmosphere, while hydrogen atoms diffused toward the interface
of the Ni film–diamond surface and hence gas is produced
within the Ni film. The other theory is that dissolved carbon dif-
fuses to the interface of the metal–hydrogen atmosphere where
gaseous hydrocarbon molecules like methane are formed. It still
remains to be experimentally elucidated which mechanism is the
dominant one.

The surface chemistry of the catalytically etched diamond
sample as well as of the Ni film was analyzed with X-ray photo-
electron spectroscopy (XPS) and EDX, which did not show the
existence of nickel carbide (NiC)—neither at the interface of
the Ni film and diamond nor in the Ni film. NiC would limit
the etching process. This finding might be supported by the fact
that NiC becomes unstable at temperatures above 350 �C.

2.1.2. Fabrication of {111} Facets

In this experiment, we performed a catalytic etching on our
sample for 2 h before the wet-chemical removal of the Ni masks.
Two types of etched diamond shapes were observed via scanning
electronmicroscope (SEM), as shown in Figure 2. For the parallel
alignment of the Ni mask edges to the <110> crystallographic
direction of the diamond substrate, we obtained well-shaped
inverted and truncated pyramids with smooth {111} facets as

sidewalls and a (100) plane at the bottom (Figure 2b,c, left).
In contrast, for the parallel alignment of the Ni mask edges to
the <100> crystallographic direction of the diamond substrate,
smooth sidewalls corresponding to {111} facets were obtained in
the corner of the trench structure only, with the other sidewalls
showing rough and jagged profiles which are indicated as {101}
facets (Figure 2b,c, right). The roughness of {101} facets might
be due to lower resistance to etching compared with {111} planes
causing a partial etching into that facet. These results indicate
that the alignment of the Ni mask relative to the crystal planes
of the diamond sample is critical for achieving controlled
V-shaped structures. Experiments by other research groups, which
used Ni nanoparticles on the diamond surface, showed that the
Ni-etched microstructures self-aligned along the <110> crystal-
lographic direction of the diamond.[16,17,20] This explains the
observed difference in the shape of the trench structures for dif-
ferent Ni mask alignments. The angle between the {111} side-
walls of the inverted pyramids and the (100) surface is
�55�,[22] which was confirmed by atomic force microscope
(AFM) measurements (not shown here). Similarly, publications
from other research groups showed that the sidewalls are {111}
facets.[16,21,23] After 2 h of etching, the white light interferometer
(WLI)-measured depth of these etched structures was �1–1.2 μm,
corresponding to an etching rate of �0.5–0.6 μmh�1. In addi-
tion, the size of the etched structures corresponded to the size
of the Ni masks deposited initially, which enables us to define
the final size of these structures accurately.

Increasing the duration of the catalytic etching process to 6 h
had no qualitative effect on the characteristics of the final struc-
tures. Quantitatively, the only change was an increase in the
depth of the etched structures (i.e., the inverted pyramids and

Figure 2. Deposition of Ni masks and catalytic etching after 2 h. a) Alignment of the Ni masks with respect to the <100> or <110> crystallographic
direction of the diamond sample. b) Microscope images of the deposited Ni masks (10� 10 μm) and c) SEM images after the etching and
the wet-chemical removal of Ni (5� 5 μm) for the two differently aligned masks.

www.advancedsciencenews.com www.pss-a.com

Phys. Status Solidi A 2021, 218, 2000502 2000502 (3 of 8) © 2021 The Authors. physica status solidi (a) applications and materials science
published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.pss-a.com


trenches), as shown in Figure 3a,b. In this case, the structures
were �3.6–4.5 μm deep, which corresponds to an etching rate
of 0.6–0.75 μmh�1. Owing to the larger depth of these struc-
tures, the features appear more pronounced.

The square shape of the etched structures and emergence
of {111} facets (i.e., tilted sidewalls) indicated that the catalytic
etching of the diamond surface with Ni is indeed anisotropic,
with the {111} facets acting as etch-stop planes. This anisotropic
etching also seems to remove the defects from the (100) surface
of the diamond sample because the bottom of the etched struc-
ture appears smoother than the area of the surface, which has not
been exposed to Ni etching.

2.2. Overgrowth of {111} Facets with n-Type Diamond

The morphology of these overgrown structures, measured by
SEM and AFM, is shown in Figure 4. Following overgrowth,

the shape of the truncated inverted pyramids appeared to be very
similar (Figure 4a). As can be observed clearly, these structures
showed extremely smooth {111} side facets with a smaller area of
the (100) bottom (compared with the area before overgrowth),
which indicates that the growth rate on the {111} facets was
higher than that of the (100) plane. For the trench structures,
the overgrowth procedure prompted the appearance of
“umbrella-patterned” structures (Figure 4b). These structures
showed an increased number of crystallographic facets, namely,
smooth {111} facets at the corner and less smooth {101} facets
along the edges of the former Ni mask. The depth of both n-type
doped structures decreased to 4–4.5 μm, indicating that the
growth rate on the {111} facets was higher than that for the
(100) plane.

AFM measurements of the angle α between the (100) surface
and the sidewalls of both n-type doped structures were deduced
from profiles along the <110> directions (Figure 4c,d).
Measurements acquired from 21 overgrown structures revealed

Figure 3. SEM images of diamond surface after 6 h of catalytic etching. a) Perfect inverted truncated pyramids for a Ni mask aligned along the <110>
crystallographic direction and b) square-shaped trench structures with smooth sidewalls in the corners only for a Ni mask aligned along the <100>
crystallographic direction.

Figure 4. Resulting structures after overgrowth with a phosphorus-doped film. SEM overview images of a) inverted pyramid structures and
b) umbrella-patterned structures with their corresponding c,d) AFM images of a single structure, from which the depth and angles of the facets were
measured along the lines highlighted.
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the mean angle values of 54.3� 1.9� and 54.6� 1.0�, respec-
tively, for the inverted pyramidal and the umbrella-patterned
structures. These results were consistent with the crystallo-
graphic angle of 54.74� between the {100} and {111} planes;
thus, the sidewalls were oriented almost perfectly to the {111}
plane post-growth. The angle α between the (100) surface and
the sidewalls along the <100> axes, averaged across the meas-
urements of 35 umbrella-patterned structures, was 40.8� 0.6�.
This value is close to 45�, which we would expect for a {101}
facet. The observed deviation from the theoretical value is most
probably caused by the rough starting morphology post-etching,
which can influence the overgrowth in this direction. Indeed, this
plane appears to be rougher than the {111} facets and has more
defects.

2.3. CL Studies

CL spectra were measured both for the {111} facets of the
inverted pyramidal structures and the (100) surface of the sample
(spots P1, P2, and P3 in Figure 5a). Details of the energies and
wavelengths of free and bound exciton lines as well as the
approach for determining the doping concentration were
reported by Barjon et al.[24]

In the CL spectrum corresponding to spot P3, which pertains
to the (100) surface, the phosphorus-bound exciton was not
detected. Here, we observed only a weak free exciton line,

XTO (Figure 5b). In contrast, when we measured CL spectra
on spots P1 and P2, pertaining to the {111} facets of the inverted
pyramidal structure, we detected both the free exciton line XTO

and the phosphorus-bound excitons P0XTO, as well as the
boron-bound excitons B0XTO (Figure 5c). The existence of bound
excitons in the spectra indicates the presence of phosphorus and
boron as isolated impurities in the neutral state on substitutional
sites in a rather high-quality crystalline lattice.[23,24]

As neither phosphorus- nor boron-bound excitons were visible
for the (100) surface, we assume that the P-doped layer grown on
the (100) plane is extremely thin and the doping level is below
detection limit. These findings are supported by the facts that
both the growth rate and the doping efficiency (for phosphorous
and boron as well) on a (100) plane are much lower than that on a
{111} facet.[4,25] The measurement of the visible spectral range
provides further support because only on spot P3 the color center
H3 (di-nitrogen-vacancy center, N–V–N),[26] which typically orig-
inates from Ib high-pressure and high-temperature (HPHT) sub-
strates, is observed (Figure 5d). From the aforementioned
findings, we can deduce that, for our growth conditions, the
so-called alpha-parameter (α-parameter) was small.[27,28] As dem-
onstrated by Temahuki et al.,[20] this indicates the high selectivity
of the growth of an n-type layer on the {111} facets compared
with the (100) surface.

As phosphorus is considered as a donor and boron as an
acceptor, in the following we label the (phosphorus) donor
concentration as ND and the (boron) acceptor concentration

Figure 5. CL measurements on the V-shaped structure. a) SEM image with the labeled spots P1, P2, and P3, indicating where the CL spectra
were obtained. b) CL spectrum on spot P3, showing only the free exciton lines XTO and XTA. c) CL spectra on spots P1 and P2, showing additional
phosphorus- and boron-bound excitons (P0XTO and B0XTO). d) UV-VIS CL spectrum on spot P3.
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as NA. The acceptor concentration NA within the {111} facets was
found to be low, in the range of NA �2� 1015 cm�3, which cor-
responds to the background concentration originating from the
residual boron contamination in the reactor chamber. The maxi-
mum donor concentration ND measured within {111} facets was
ND� 3� 1016 cm�3. As the donor concentration ND was higher
than the acceptor concentration NA, the {111} facets of the
inverted pyramidal and the umbrella-patterned structures can
be considered to be n-type.

CL maps of the inverted pyramidal (Figure 6a) and of the
umbrella-patterned (Figure 6b) structure display the spatial dis-
tribution of the donor and acceptor concentrations (ND and NA),
showing the enhanced incorporation of the dopants in the {111}
facets and a clear contrast with respect to the dopant concentra-
tions relative to the (100) area of the diamond surface and to the
{101} facets of the umbrella-patterned structures, with the latter
showing dopant concentrations that were approximately one
order of magnitude smaller.

For the inverted pyramidal structure, the incorporation of
phosphorus donors appeared quite homogeneous in the lower
part, but with a higher concentration along the upper edges of
the {111} facets. Like for the inverted pyramidal structure, the
umbrella-shaped structure also exhibits a higher concentration
along the upper edges of the {111} facets. This higher concen-
tration along the upper edges of the {111} facets could be a
morphological effect in the growth of an n-type layer on top
of the catalytically etched structures. It is known that doping
atoms are preferentially incorporated into step edges on the
diamond surface. The AFM investigations show that the angle
of inclination of the pyramid surfaces near the edge decreases
slightly. Due to this deviation from an ideal {111} facet, atomic

steps are created in this area, which are known to favor the incor-
poration of dopants. This effect for phosphorus incorporation
can be very nicely seen in a CL map in the publication of
Pinault-Thaury et al.[29]

Temahuki et al.[20] proved via secondary ion mass spectros-
copy (SIMS) that the P-concentration within the V-shapes is
higher than on the (100) surface, but they could not resolve
the doping distribution spatially because of the low spatial
resolution of the SIMS equipment and the small sizes of the
V-shapes, which were in the order of 200–400 nm. Thus, our
results show the high-resolution doping concentration distribu-
tions on the different facets of the Ni-etched and overgrown
structures.

3. Conclusion

In summary, our results showed the high-resolution doping con-
centration distribution on different facets of Ni-etched structures
overgrown with an n-type doped diamond film. We demon-
strated the enhancement of the P-concentration on (100) dia-
mond samples by selectively overgrowing the {111} facets of
inverted pyramidal structures that were produced by a catalytic
etching process that used Ni in a hydrogen atmosphere at ele-
vated temperatures. This method may overcome the limitations
associated with low doping efficiencies in the growth of (100)
diamond samples, and thus facilitate the fabrication of (100) dia-
mond power devices with low on-resistances and better Ohmic
contact performances. Future work should explore methods to
increase the phosphorus concentration and to optimize its
incorporation distribution on the {111} facets. The degrees of

Figure 6. CL map of a) the square-shaped and b) the umbrella-patterned structures displaying the spatial distribution of the donor and acceptor
concentrations, which show the enhanced incorporation of the dopants in the {111} facets.
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freedom for the lithography of Ni masks offer flexibility with
respect to the design of n-type V-shaped structures. The dimen-
sions (lateral size and depth) of these trench structures can be
defined exactly by simply defining the lateral dimensions of
the Ni mask deposited on the diamond surface and the duration
of the subsequent etching process. To achieve optimum results,
i.e., perfectly shaped inverted pyramidal structures via catalytic
etching, the edges of the Ni masks must be aligned along the
<110> crystallographic direction of the diamond sample.

4. Experimental Section
Synthetic and double-side polished (100) Ib-type HPHT diamond sub-

strates with dimensions of 4� 4� 0.5 mm were purchased from a com-
mercial supplier (Sumitomo). First, the substrates were cleaned in nitric
acid (H2SO4þHNO3 at a ratio of 3:1) at 220 �C to remove all graphitic
and metallic residuals on the surface. We selected Ni as the catalyst
because it is the candidate metal with the highest carbon solubility
and, therefore, the highest etching activity. Ni masks with a thickness
of 200 nm were deposited on the diamond surface using photolithography
and electron beam evaporation. Square-shaped masks with areas of
5� 5 μm and 10� 10 μm were deposited. The edges of the deposited
Ni masks were aligned either along the <110> or the <100> direction.
Catalytic etching was performed in an induction furnace with a base pres-
sure of 10�6 mbar. For the etching procedure, we introduced hydrogen
with a flow and pressure of 100 sccm and 500mbar, respectively. The tem-
perature was raised to 850 �C at a rate of 150 Kmin�1, measured with a
pyrometer with a reading precision of �5 K. After etching, the samples
were cooled for 1 h under continuous hydrogen flow. Next, the residual
Ni and graphite were removed from the diamond surface via immersion
in an acid mixture. These etching parameters were the result of optimiza-
tion experiments investigating diamond etching with Ni, which will be pub-
lished elsewhere in the future.

For the subsequent overgrowth of the V-shapes with an n-type diamond
film, we used a home-built chemical vapor deposition (CVD) reactor sys-
tem.[30] Prior to overgrowth, the sample was pretreated for 3 min in pure
hydrogen plasma at 3 kW and 200mbar to clean the surface and achieve
an appropriate growth temperature. The pretreatment step was as short as
possible to prevent strong surface roughening due to plasma etching.
After the pretreatment step, we used a low CH4/H2 ratio of 0.2% to obtain
a low growth rate to ensure that the deposited film was of high quality and
the inverted pyramids were not filled completely by the overgrown film. To
dope the film with phosphorus, we used trimethylphosphine P(CH3)3
(TMP) as a gas source, which was added to the aforementioned CH4/H2

gas in the reactor chamber using a P/CH4 ratio of 4.4%. This value is in the
upper range typically used for doping (100) and (111) diamond,[4] but due
to our current mass flow controller configuration and the concentration of
TMP in the gas supply (1% TMP mixed in pure H2 filled in a gas bottle) at
our CVD reactor system, it is not possible to reachmuch lower P/CH4 ratios.
To increase the doping efficiency, we increased the deposition pressure to
260mbar, keeping the microwave power at 3 kW, resulting in a substrate
temperature of 980 �C, which is higher than that required for the growth
of intrinsic diamond (�800 �C). This higher temperature is in accordance
with reported deposition temperature ranges used for n-type doping.[3–6]

With these parameters, the growth rate on the (111)-oriented surfaces
was �100 nm h�1, and the deposition time was 8 h, resulting in a film
thickness of �800 nm on the {111} facets. After overgrowth, we cleaned
the samples in an acid mixture to remove graphite from the surface.

To measure the dimensions and investigate the quality of the etched
and overgrown structures, we used a WLI (Bruker Contour GT), an AFM
(Bruker Dimension Icon), and a SEM (Zeiss Auriga Crossbeam).

CL characterization was performed to assess the phosphorus concen-
tration on the different facets of the n-type doped V-shaped structures. A
JEOL 7001F field emission-SEM with an optical detection system was used
to collect CL spectra with high spatial and spectral resolution in the UV
range.[31] An acceleration voltage of 5 kV was applied, corresponding to the

stopping depth for electrons at �200 nm.[32] To resolve the lines of both
the free and bound excitons in the UV range, a requirement to determine
the dopant concentrations, the samples were cooled down to �7 K using
liquid helium. The intensity ratio between the lines of bound and free exci-
tons is proportional to the concentration of the dopant in the film. The
quantification of the electrically active phosphorus atoms (donors) in
the films was performed using a reference sample measured under iden-
tical conditions. This method can be applied to a wide range of dopant
concentrations in diamond down to �1012 cm�3, which makes CL
spectroscopy a highly sensitive tool for the quantification of dopants in
diamond, surpassing the detection limits of SIMS. Details describing
the use of CL spectroscopy for measuring the concentration of dopants
in diamond can be found in the literature.[23,24,32]
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