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Abstract

Chemical vapour deposition diamond has been used widely in optoelectronic applications such as sensors,
detectors and electrodes. Boron doping is usually necessary for device applications to achieve p-type
conductivity and can be done by adding various gases such as diborane (B2Hg) or trimethyl borate
(CsH9BO:s) with the methane and hydrogen gas stream into the reactor. Time-of-flight secondary ion mass
spectrometry (ToF-SIMS) is a suitable technique for surface analysis of incorporated light elements in the
parts-per-billion (ppb) range. However, ToF-SIMS surface analysis based on the ion fragments can be
problematic due to the difficulty of obtaining reference spectra for the materials that are analysed as well
as the disadvantage of detecting fragments originating from unavoidable contaminants on the sample
surface. In this work, we study the fragmentation patterns of as-received boron-doped CVD diamond to
identify peaks originating from the boron-doped diamond. Fragment patterns are acquired using Bi;* as the
primary ion source and operated in the high current bunch mode from the IONTOF instrument. Elemental
carbon fragments are believed to have originated from the diamond material. As a result of boron-doping,
the positive spectrum shows the presence of B*, while the negative spectrum shows the BO™ and BOy
molecular fragments. The SOs", CxHy", CI;, CN", CNO", CH,0, fragments as well as CyH,*, CxH,O,", NH.*
and Na* fragments are attributed to atmospheric contaminants.
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1. Introduction

Boron incorporation into the lattice of host materials is a subject of keen research (Sheng, Gao, Bao,
Wang, & Xia, 2012; Tanaka & Hayashu, 2018; Kumar, Singh, Singh, & Purohit, 2011; Suzuki, Shishido,
Tanaka, & Abe, 2014; Xie et al., 2013). For instance, the incorporation of boron in steel is thought to
increase creep strength (Tanaka & Abe, 2014). Its location and distribution in the host lattice and the
tendency to interact with other elements in the host lattice is a matter of concern as it affects the properties
of the material. In recent years, boron doping in chemical vapour deposition diamond is widely used in
optoelectronic and mechanical applications such as sensors, detectors and electrodes (Boussadi, Tallaire,
Brinza, Pinault-Thaury, & Archard, 2018; Gracio, Fan, & Madaleno, 2010). Boron-doped CVD diamond
is a p-type semiconducting material with electrical conductivity that depends on the doping level. At boron
concentrations of less than 10'7 cm™, conduction occurs through holes in the valence band contributed by
ionised substitutional boron. However, with higher boron concentrations, conduction occurs by nearest-
neighbour and variable range hopping of holes between ionised boron sites. Further increase in the doping
level will result in the formation of an impurity band that gives metal-like conductivity. While the study of
boron incorporation is important, it is often hampered by the difficulty of detecting this light element.

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) is a highly sensitive and fast surface
analysis technique that requires relatively simple preparation. It can be used to analyse many types of
materials such as semiconductors, polymers, paints, metals, ceramics as well as biological samples (Wang,
Jones, & Denison, 1992; Muramoto et al., 2011; Nguyen, Perander, Hyland, & Metson, 2010; Sugden &
Holness, 2011). In a ToF-SIMS measurement, the material from within the top surface of the sample is
analysed. Its detection limit ranges from parts-per-million (ppm) to parts-per-billion (ppb) for some species.
It can distinguish ions of elements with low atomic numbers (Z < 11) as well as their isotopes with high
sensitivity (Zhang et al., 2016). It is therefore a suitable technique to analyse light element dopants such as
boron (Z=5) as it is more sensitive technique than x-ray photoelectron spectroscopy (XPS) or energy
dispersive spectroscopy (EDS). It is difficult to detect low concentrations of boron using XPS, for instance,
due to the low relative sensitivity factor.

During ToF-SIMS measurements, the sample surface is bombarded by a beam of high energy
primary ions accelerated to 10 — 25 keV. The beam of primary ions ionises the molecular species originating
from the sample as well as those adsorbed on the sample surface. Secondary ions that are ejected by the
beam are analysed by a mass spectrometer. The depth of analysis is usually less than 1 nm in contrast to
XPS that probes a depth of 1 — 10 nm. A single primary ion pulse can generate a full mass spectrum of the
sample surface although its intensity is very low. Only a few secondary ions will be generated for each
primary ion pulse but secondary ions of all masses are collected in parallel and the spectrum is accumulated
from many primary pulses. The high sensitivity for surface species results from this ability of secondary
ions of all masses to be collected in parallel together with the high transmission of the analyser and the low
background due to the single ion counting. The secondary ion species that are emitted are mostly neutral,
but a small percentage comes off as either a positive or a negative ion. Therefore, both positive and negative
spectra can be obtained to provide information on the elemental or molecular species present on the surface
of the sample. A typical spectrum consists of numerous peaks arising from the fragmentation of the

molecules at the top surface, which provides a useful pattern or fingerprint. For instance, a recent study
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(Kempson, Barnes, & Prestidge, 2016) on the therapeutic use of porous Si suggested that the presence of
SiCHs* positive ions indicates the binding of methylene blue with the Si substrate while SiOSH3™ and
SiOSCH- negative ions show chemisorption via O bridging of the Si substrate and methylene blue.
However, the identification of materials based on the ion fragments can be problematic due to the
difficulty of obtaining reference spectra for the materials that are analysed as well as the high sensitivity of
the ToF-SIMS technique that makes it possible to detect species in the parts-per-billion (ppb) range. ToF-
SIMS analysis inadvertently suffers the disadvantage of detecting fragments that originate from
unavoidable contaminants on the sample surface. While in-situ ToF-SIMS measurements can be performed
with almost no contaminations from the atmosphere, analysis of as-received samples in most situations
faces unavoidable atmospheric contaminants, and fragmentations from these are easily detected and add to
the difficulty in the identification and analysis of the molecular species from the sample. It is therefore
useful to study the fragmentation patterns of as-received samples to differentiate common contaminant
peaks (e.g. atmospheric aerosol particles) from peaks originating from the actual material that is being
analysed. Such studies are particularly useful in the investigation of semiconductors that have been doped

with low atomic concentrations of elements that act as acceptors or donors.

2. Problem Statement

Chemical vapour deposition (CVD) diamond has been used widely in optoelectronic applications
such as sensors, detectors and electrodes. Boron doping is usually necessary for device applications to
achieve p-type conductivity and can be done by adding various gases such as diborane (B2Hs) or trimethyl
borate (CsHsBO3) with the methane and hydrogen gas stream into the reactor. The amount of boron dopant
can range from parts per million (ppm) to parts per billion (ppb) depending on the type of applications and
is particularly crucial in applications such as electrodes. The detection and analysis of boron in ppb can be
difficult for most characterization techniques. Even XPS faces difficulty in the detection of boron in small
atomic concentrations. In addition, the detection of small amounts of dopants is easily swamped by the
presence of adventitious adsorbates on the CVD diamond. Analysis of the distribution of light elements
such as boron with concentrations on the order of parts-per-million (ppm) to ppb is necessary for the under-

standing and control of the electrical and mechanical properties of the CVD diamond host material.

3. Research Questions

3.1. Will ToF-SIMS measurements using a Bi primary ion source be able to detect boron species not
more than 100 ppb in CVD diamond?

3.2. What are the positive and negative ion fragments that originate from the boron dopant?

3.3. What insights can be gained into the adsorbate composition from the fragment ion patterns?

4. Purpose of the Study

In this work we analyse the fragmentation patterns of boron doped chemical vapour deposition

diamond. Samples with a B concentration of not more than 10'® atoms/cm?® (~ 100 ppb) were usually
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categorised as lightly doped while those with a B concentration of at least 10 atoms/cm? (~ 100 ppm)
were regarded as heavily doped. While B-doped CVD diamond has been used extensively in optoelectronic
and mechanical applications the detection of the incorporated B is difficult if the amount is low. Direct
evidence for a low concentration of B can be problematic. Boron has a very low sensitivity in XPS
measurements and a low atomic concentration in the range of ppb may not be detected. In addition, the
amount of incorporated B is difficult to determine and commercial suppliers will usually provide only an
approximate level of atomic concentration of B such as [B] < 0.05 ppm. The purpose of this work is to
understand the fragmentation patterns from as-received B-doped CVD diamond that has been obtained
commercially without details of its fabrication such as the boron source and the actual amount of B atomic

concentration.

5. Research Methods

The B-doped CVD diamond used in this work has a dark brown appearance and measures 4.5 mm
x 4.5 mm x 0.5 mm. The sample which was obtained through a commercial supplier has a low B
concentration of not more than 10® atoms/cm3 (~ 100 ppb). Both sides of the sample were polished (Ra <
30 nm). The quality of the CVD diamond was first ascertained using micro-Raman spectroscopy before
being subject to ToF-SIMS analysis. The Ar line of excitation was used (A = 514.5 nm) for the Raman
measurements at room temperature. The IONTOF IV instrument with Bi;* as the primary ion source was
used for the ToF-SIMS analysis. The primary ion beam is rastered over an area of 100 umx100 pm at 25
keV. Spectral collection was subsequently obtained from an area of 100 umx100 pm. A pulsed electron
flood source was used for charge neutralization. The primary ion dose is 4.49 x 108 cm?. Both positive
and negative spectra were collected in the high current bunch mode at a high mass resolution (m/Am) of
9000 at m/z = 29. Elemental ions together with molecular fragments in the mass range m/z = 1 to 100

obtained in both positive and negative ion spectra were reported in this work.

6. Findings

The Raman measurements in Fig. 1 show a symmetrical and an intense peak at 1332.2 cm™* (FWHM
= 4 cm™), suggesting the CVD diamond is of good crystalline quality. It is well-known that the Raman
spectrum of single crystal diamond is dominated by the first-order Raman line at 1332 cm™, which
corresponds to the vibrations of the two inter-penetrating cubic sub-lattices (Prawer & Nemanich, 2004).
This Raman peak arising from the diamond phonon is a symmetric Lorentzian at low boron concentrations.
With heavier boron concentration above 10?° cm3, the peak is likely to shift to lower wavenumbers (i.e.
less than 1332 cm™) and also features an asymmetric Fano-like line-shape caused by a quantum mechanical
interference between the zone-centre Raman-active optical phonon and the continuum of electronic states
induced by the boron impurities.

We are not able to observe any Fano effect from the Raman measurements that is usually associated
with boron-doping since the amount of boron is extremely small. The Fano resonance in diamond is a
resonant scattering of light where an incident photon (light) interacts with a vibrational mode of the

diamond causing the photon energy to be shifted, which in principle can be detected by Raman
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measurements. The absence of the Fano asymmetry feature suggests that Raman spectroscopy could not
detect the small atomic concentration of boron dopants in the sample. This is not surprising as our sample

is believed to have a boron concentration of less than 10 cm™.
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Figure 01. Raman spectrum of the B-doped CVD diamond

The symmetrical and intense peak at 1332.2 2 cm® (FWHM = 4 cm™) indicates that the CVD
diamond is of good quality. The absence of the Fano asymmetry feature is probably due to the small atomic
concentration of boron dopants.

In the positive spectrum (Figure 2), a B* peak and a C* peak observed at m/z = 11.0088 and m/z =
11.9995, respectively, are attributed to the boron dopant and carbon originating from the CVD diamond.
Figure 3 shows the B* peak that has been isolated and magnified. The B* peak at m/z = 11.0088 is the only
peak associated with boron in the positive ion spectrum. Apart from these, peaks attributed to atmospheric
contaminants such as CHs*, NH4* and Na* were seen at m/z = 15.0229, 18.0338, and 22.989, respectively.
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Figure 02. The positive ion fragment pattern for boron doped CVD diamond
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Figure 03. The B* peak that has been magnified. The other peaks have been omitted

In the negative ion spectrum (Figure 4), C-, C,, Cs7, C4, Cs', and Cs™ fragments were observed at m/z
=12, 24, 36, 48, 60 and 72, respectively. While C~ secondary ions are likely to come from carbonates and
carbides, we suggest that they originate from the CVD diamond as the normalised intensity of these peaks
increases in some samples where sputtering cleaning was performed. Figure 4 also shows the presence of
CH-, CoH", CoHs™ at m/z = 13, 25 and 27, respectively. While it is possible that CxHy" fragments may have
originated from the CVD diamond due to a copious amount of hydrogen in the CVD environment during
the fabrication process (Saw et al., 2003; Saw & du Plessis, 2005), we attribute them to adventitious
hydrocarbons on the sample surface. The SOs™ peak at m/z = 79.9570 as well as the CI, CN", CNO" and
several CxHyO, fragments are attributed to atmospheric aerosol particles on the sample surface (Zhang et
al., 2016; Zhu, Olson, & Beebe, 2001). Preliminary XPS investigations on similar as-received boron-doped
CVD diamond samples show peaks belonging to S 2p and S 2s, N 1s as well as O 1s that are likely to have
originated from adventitious hydrocarbons, carbonates or other atmospheric contaminants. The BO™ and
BO; fragment ions at m/z = 27.0048 and m/z = 42.9998, respectively, are likely to be from the source of
the boron dopant. The oxygen-containing ion fragment which could have originated from trimethyl borate
(CsHg9BO:s) or tripropyl borate (CoH21BO3) or a similar compound that was used as a source of boron for
the CVD diamond. The BO  and BO; are found in the lower mass region (m/z < 50). These are essentially
the :B=O (m/z = 27.0048), and :B=0, (m/z = 42.9998) ion fragments. With high mass resolution, the BO
and BO, can be distinguished from the neighbouring peaks C;Hs; and C,H3O" that are located at m/z =
27.0239 and 43.0196, respectively (Figure 5). Further investigations into the actual source of oxygen of

these fragments will be done in another study.
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Figure 04. The negative ion fragment pattern for boron doped CVD diamond
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Figure 05. The BO™ and BO, peaks that originate from the boron dopant can be distinguished from
neighbouring peaks of C;Hs™ and C;H3;0"

The ToF-SIMS analysis of the as-received boron-doped CVD diamond thus shows that fragments
originating from the atmospheric contaminants form a fairly large part of both the positive and negative ion
spectra. This is not surprising as secondary ions such as Li*, F, O7, Na*, Mg*, Al*, Si*, NH4*, CsHs*, C7H7",
C;H, NOy, CN, CNS', SOs', SO;" and HSO.™ have been detected in atmospheric aerosol particles in recent
studies (Zhang et al., 2016; Zhu et al., 2001). It should be noted that Na* was frequently found on the
aerosol particles suggesting that sodium compounds could be present as atmospheric contaminants. There
were indications that sodium compounds in the atmosphere accumulate on the surfaces of aerosol particles

easily when the relative humidity is high.
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7. Conclusion

It can be concluded that ToF-SIMS measurements using a Bi* primary ion source are able to detect
boron species not more than 100 ppb in CVD diamond. Both positive and negative ion spectra show
fragments that originate from the boron dopant. In the positive ion spectra only 'B* is observed while in
the negative ion spectra the BO- and BO; are observed. Peaks from SOs", CxHy", CI, CN-, CNO", CxHyO,

CxHy*, CxHyO,", NH4* and Na* are attributed to atmospheric contaminants.
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