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In some diamond-based semiconducting devices, large
variations of doping level are required over short dis-
tances. Tools to determine doping level and defects dis-
tribution should therefore be developed. The present con-
tribution shows the capabilities of electron microscopy in
this field. Focused ion beam (FIB-dual beam) cross sec-
tion preparations allowed evaluating doping level in
highly boron doped sample with doping transition down
to some nm by diffraction contrast mode of transmission
electron microscopy (CTEM) and by high angle annular
dark field mode of scanning transmission electron mi-

1 Introduction Since several decades, many groups
worldwide have been actively investigating diamond mate-
rial to obtain semiconducting devices. Indeed, its intrinsic
properties make it very attractive for such purpose. Its
large bandgap (5.49 eV) allows insulating, semiconducting
or metallic epilayers, its high breakdown field (>10 000 V)
allows to fabricate records Schottky diodes without break-
down up to 7500 V and its highest hole mobility (3800
cm?/V s) among the semiconducting materials and very
competitive electron mobility (4500 cm?/V-s) motivate the
fabrication of high frequency devices. Besides, the very
large thermal conductivity (22 W/cm'K, around five times
that of Cu or SiC) makes it very attractive for power de-
vices [1].

According to such considerations, Balmer et al. [2]
proposed the implementation of 8-doped epitaxial structure
to develop MESFET transistor devices oriented to high ve-
locity and high power applications. The idea is to yield
holes in an undoped diamond channel using a 3-doped epi-
layer. Then, if the thickness of such a layer is below 5 nm,
the wave function of the holes floods around and stands
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croscopy (HAADF-STEM). The sensibility of the latter
is around 10"’cm™ and, thus, cathodoluminescence (CL)
is required for lower doping levels. Cross sectional
analysis on FIB prepared lamella allowed to separate the
epilayer behaviour from that of the substrate. Mid-gap
centers involving boron, hydrogen and, for some peaks,
also nitrogen are revealed. sp® bonds are also present in
the grown epilayer. These transitions make difficult the
observation of excitonic recombinations in the cross sec-
tion configuration.
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mainly in the undoped material taking advantage of its
high hole mobility characteristics.

However, in practice, the growth of such thin layer is
not straightforward as doping level up to 10*' cm™ should
be reached to deliver sufficient holes to the channel. Kohn
et al. [1] achieved doping transitions above 25 nm, which
is too large. The experimental methodology generally used
for such measurements is the secondary ion mass spectros-
copy (SIMS), which delivers depth (z-axis) doping profiles
(over 50 to 200 um-sized square spots). Thus, no submi-
crometer in-plane (x-y axis) information is available. Lat-
eral doping variation can thus induce artefacts in the SIMS
profile. In the present paper, alternative techniques using
cross sectional focused ion beam (FIB) prepared lamella,
followed by electron microscopy observation, is presented.
In addition, crystalline defects which may also affect car-
rier mobility may be detected at the same time using such a
methodology.

2 Experimental Two samples were grown by micro-
wave plasma chemical vapour deposition (MPCVD) in a
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vertical silica tube reactor as described elsewhere [3] on
(100) oriented diamond substrates. One was grown with a
very high boron doping while the second with a very low
doping, in order to investigate the large range methods to
be used to assess doping and defects. The first sample A
(PA14) consists in a 700 nm thick epilayer with a very
high boron doping of 10*' cm™ determined by SIMS. This
epilayer was grown on a HPHT type Ib diamond substrate
(optimized growth conditions used are a temperature of
830 °C, a pressure of 30 Torr and a CH4/H, methane con-
centration of 4% for 40 min). The second sample B
(PNV42) consists of a 2 pm thick epilayer grown on a
CVD (E6) optical grade quality substrate (optimized
growth conditions used are a temperature of 910 °C, a pres-
sure of 50torr and a CH4/H, methane concentration of 1%
for 3 hours). The doping level is estimated around 10'
cm” by cathodoluminescence spectroscopy (CL) following
the methodology proposed by Kawarada et al. [4] and
Deneuville et al. [5].

Samples are prepared by the FIB-assisted lift off tech-
nique to obtain cross section specimens. The thickness is
around 80nm for the TEM lamella and around 500nm for
the CL cross section investigations.

TEM studies are carried out for this material. Diffrac-
tion contrast (DC) measurements are performed on a Jeol
1200EX, operating at 120 keV. HAADF-STEM experi-
ments are carried out on a Jeol 2010F (high resolution ob-
jective lens with FEG gun) operating at 200 keV. CL
measurements are performed on a FEI Quanta200 at 10
keV.

3 Results and discussion To evaluate boron dop-
ing, different electron microscopy related techniques are
here employed. On one side, variations in recorded inten-
sity of diffraction contrast and in high angle annular dark
field, both techniques of transmission electron microscopy
here performed on cross section foils, can give information
about the dopant level. On the other hand, from cathodo-
luminescence, the relative intensities of the CL exciton
bound to boron peak (BEto) respect to that of the free exci-
ton (FEto) allow to determine the doping level, while
monochromatic CL maps at the BErg energy inform on the
distribution of incorporated boron (i.e. active boron).

3.1 B doping evaluation by TEM related tech-
niques First, diffraction contrast is considered, as the re-
corded intensity is related, in two beams conditions, both
to thickness and to extinction distance [6]. Figure 1 shows
two micrographs in dark field (DF) mode using 111 and
004 reflections, where the undoped-doped transition con-
trast is evident. No dislocations have been revealed in this
sample, neither at the substrate-epilayer interface nor into
the grown layer.
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Figure 1 Diffraction contrast micrographs recorded
on sample A using 111 (up) and 004 (down) reflec-
tions in dark field (DF) conditions. The undoped
substrate and buffer layer are shown to be darker
than the boron doped epilayer.

In two beams conditions, the intensity recorded follows
the expression [7]:
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where &, is the extinction distance for the reflection g
and ¢ is the thickness of the sample. Considering the defini-
tion of the extinction distance, Eq. (1) can be rewritten as
follows:

ﬂgfeffz
V, cosOy

being 4 the electron wavelength, V¢ the unit cell volume,
0p the Bragg angle, z the foil thickness and f,; the effective
atomic scattering factor, which varies with the boron con-

tent as follows:
fer = x-fg + (1-x)-fc 3)

where f and f¢ are the atomic scattering factors of bo-
ron and carbon, respectively.
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Obviously, tilting to reach the expected reflection af-
fects to the effective thickness crossed by the electron
beam. Therefore, contrasts can be inverted depending on
the thickness or on the diffracted beam, g, used to record
the micrograph (extinction distance changes with g). As &
depends directlty on the structure factor and thus on the
atomic scattering factor and, in consequence, on the atomic
number Z, a contrast is observed when boron is incorpo-
rated to the diamond crystal. When representing the inten-
sity recorded under a certain reflection versus the thickness,
varying both the thickness and the boron content to fit
curves with experimental contrasts, the effect of boron in-
corporation into the diamond lattice can be appreciated, as
Fig. 2 shows.
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Figure 2 Representation of the intensity for 004 (up) and 111
(down) reflections versus foil thickness crossed by the electron
beam from 004 and 111 DF micrographs, respectively. Depend-
ing of the thickness, contrast can be completely inverted. Dashed
line corresponds to the non-doped substrate contrast, while con-
tinuous line corresponds to the boron-doped diamond epilayer.
A and B indicate the difference in contrast between substrate and
epilayer recorded in the DC micrographs (see Fig. 1).

Using two different reflections exactly in the same
conditions of brightness and contrast in the recording sys-
tem, thickness and & can be determined, what allows to
know the doping level. In this case, a foil thickness of
around 80 bnm and a boron content of the layer of around
10% cm™ is here estimated.

HAADF-STEM measurements are obtained from the
same sample, in order to also validate this methodoly as
suitable to evaluate de boron content in diamond homoepi-
taxial layers. In this technique, the signal collected at high
angles results from incoherent scattering with thermally
excited atoms of the analyzed sample. These high angle
scattered electrons do not contribute to the Bragg diffrac-
tion (BS), i.e. elastic electrons intensity is reduced by the
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effect of the temperature as electron are diffused at higher
angles, and are labeled “thermally diffuse scattering
(TDS)” [8].
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Figure 3 Experimental and simulated HAADF intensity pro-
files of the upper micrograph, once transformed to direct con-
trast, showing the different regions along the profile, as marked
in the micrograh labelling from A to D. Quantification resulting
from simulations corroborate DC results.

HAADEF is also named Z-contrast, as the amplitude is
linear with thickness and intensity depends on Z*. One of
the main advantages of HAADF measurements versus DC
ones is that tilting effects are completely eliminated, since
HAADF contrast do not require tilting of sample in the mi-
croscope. On the other hand, a nanometric, even atomic,
resolution can be reached in HAADF experiments. In this
sense, a modulation in the composition of the buffer layer
is detected, estimating the thickness of this buffer layer in
around 50nm.

Numerical simulations of the HAADF intensity along a
profile across the substrate/boron-doped epilayer interface
allow quantifying the dopant content. Figure 3 shows the
experimental and simulated HAADF intensities, with very
good agreement between them. Details of how simulations
are carried out have been published elsewhere [9]. As can
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be seen, HAADF results corroborate DC ones, with a much
better spatial resolution.

3.2 CL spectroscopy When doping is below the
10"cm scale, CTEM and HAADF analysis cannot be car-
ried out as sensitivity of the techniques is not sufficient.
Then, CL should be used.
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Figure 4 Helium temperature CL spectra recorded on sample B
with a beam energy of 10 keV, (a) plan view electron excitation
on the bulk sample (see inset for the geometry) in the excitonic
emission range, (b) CL spectra recorded in cross sectional orien-
tation (see inset) of the epilayer (location E in Fig. 3c).

Indeed, for heavy doping, the bound to acceptor peak
(BEto , transition involving also an optical tranverse pho-
non replica) is reported to shift in energy depending on the
boron doping level [5], while for lower doping (below
10"”cm™), this peak energy does not change and the ratio
between free and bound exciton intensities can be used to
determine doping level [4]. The latter work proposes the
following empiric relation de deduce the boron doping at
low temperature:

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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where 7 is the ratio between BErg to FE1o intensities at
low temperatures. Such methodology can be also used to
obtain the donors (phosphorus) doping level [10].

In Fig. 4, sample B CL spectra are shown in both plan
view and cross section orientation respect to the electron
beam. Figure 4a shows the excitonic recombinations with
their different phonon replica usually observed on MPCVD
diamond. From the BErq to FEqq ratio, a doping level of
10" cm™ is deduced. However, at 10 keV beam energy
some carrier recombination can occur below the 2 pm
thick epilayer, which will reduce the BE1q peak (see in the
inset the white circle representing the volume of interac-
tion between the high energetic incident electron and the
diamond structure). Then, a FIB-dual beam lamella has
been prepared to achieve cross section CL observations.
The prepared lamella is 0.5 um thick and the geometry of
the experiment is shown in Fig. 4b inset. In the spectrum,
the position of the BErq is indicated and the peak is below
the noise intensity, which do not allow to verify the doping
level.

The reason for such low CL emission intensity is obvi-
ously the reduced thickness of the lamella that limits e-h
generation.

However, on this sample, much more intense peaks
have been recorded, in the visible part of the spectrum, due
to the presence of crystalline defects. Their respective tran-
sitions will then reduce excitonic recombinations weaken-
ing the corresponding peaks in Fig. 4b.

Figure 5 shows CL spectra recorded in plan view and
cross section orientation. The location of the spectra re-
corded at 10 keV is indicated in Fig. 5c. It corresponds to a
CTEM observation recorded on the [100] pole using the
220 reflection in dark field (DF) conditions. The micro-
graph shows that no doping related contrast can be ob-
served and that no dislocations are here present. Indeed,
those observations are recorded on the same lamella and
same region respect to the Fig. Sb CL spectra: after the CL
experiment the lamella was thinned down to 100 nm to al-
low the TEM observations. The location of the substrate-
layer interface (dashed line) corresponds to the nominal
value indicated by the growers as no contrasts are ob-
served; however, the CL spectra seem to corroborate the
location of the interface. The dark spots at the left hand
side of the micrograph are Pt precipitates and the vertical
lines correspond to thickness variations. Both are induced
during the FIB preparation. In addition the white constrasts
observed in the layer are also FIB-related preparation arte-
facts.

In Fig. 5b, thin lines at 3.188, 2.369, 2.154, 1.911 eV
are observed in addition to the large band at 2.9 (A-band),
2.5 eV and 2.3 eV (green band). The 2.9 band is usually
labelled A-band and indicates presence of dislocations or
sp® bonds. In the present case this band is not present in the
substrate or at the interface but increases in the epilayer.
As no dislocations are observed by TEM, this band is here
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attributed to sp’. This behaviour is corroborated by the
other peaks observed at 3.188 and 2.154 eV, usually ob-
served on irradiated, ion implanted samples (labelled in
some cases as T1 center) or at grain boundaries of poly-
crystalline diamond. It seems to be induced by complexes
involving H and N atoms as for the NE3 center observed at
2.369 eV. This indicates that nitrogen and hydrogen have
been incorporated during the CVD growth and also in the
substrate [11].
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Figure 5 Helium temperature CL spectrum of sample B, (a) plan
view electron excitation on the bulk sample (see inset for the ge-
ometry), (b) CL spectra recorded at different locations (layer: po-
sition J in Fig. Sc, interface: position K and substrate: position L)
in cross sectional orientation, (c) CTEM micrograph of the same
lamella after FIB thinning down to 100nm. The micrograph is re-
corded on 220 dark field conditions.
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Finally, the C-band, that consists in a broad structured
band, induced by the GR1 center, is also present in slightly
boron doped material after irradiation or near dislocations.
This means, in summary, that all those peaks correspond to
point defects involving boron, hydrogen and some of them
also nitrogen indicating that growth parameters could still
be improved to optimized doping.

4 Conclusions A methodology to evaluate boron
doping and defects presence in boron-doped homoepitaxial
diamond layers is presented. This methodology is based in
electron microscopy techniques. On one hand, analysis of
the diffraction contrasts and the high angle annular dark
field intensities reveal that both are suitable techniques to
evaluate boron content in diamond epilayers when the
dopant level is high, over the 10" cm™ scale. HAADF of-
fers a better spatial resolution than DC, although numerical
simulations are required to quantify boron content. When
the boron level is below the mentioned scale, cathodolumi-
nisce on cross section foils constitutes a more suitable
methodology. The analysis of the spectra reveals the sp’
bonds associated defects. As sharp as 5Snm thick doping
transition are shown to be grown and point defect involv-
ing boron and hydrogen atoms are shown to be present. sp*
bonds are also observed in the epilayer.
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