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Owing to its extreme hardness, chemical stability and robustness, conductive diamond is an attractive material
for scanning tunneling microscopy (STM). The selection of a suitable diamond and preparation of the STM tip is a
challenge because electrically conductive diamonds can be grown using various methods and have anisotropic
properties. A new method for the selection of conductive diamonds that is based on the registration and analysis
of the tunneling I-V (TIV) characteristics of the tunnel junction between the diamond tip and graphite (0 0 0 1)
surface at a constant tunneling gap is proposed. TIV should be monotonous while the tunneling currents vary
from 0.1 to 6 nA with increasing bias voltages from 0.05 to 1 V. We found that HPHT diamonds grown in the Fe-

Al-C-B growth system are more suitable for STM probs compared to grown in the Fe-Co-C-B system.

1. Introduction

The development of nanotechnologies is associated with nanoscale
imaging, one of the most common forms of which is scanning probe
microscopy (SPM). The chemical stability, extreme hardness and
robustness of diamond make this material extremely attractive for use as
an SPM tip. Since the invention of the first atomic force microscope
(AFM), natural diamonds have been used for tips fabrication [1]. Elec-
trically conductive diamond tips were successfully used in scanning
tunneling microscopy (STM) [2-9]. Several methods are known for
producing electrically conductive diamonds for microscope tips, and
ion-implanted natural single crystals were used in [2], while boron-
doped chemical vapor deposition (CVD) diamonds were used in [4-6].
In previous related studies the possibility of fabricating an apex with a
stable and predetermined atomic structure and achieving highresolution
p-orbital STM imaging using crystallo-graphically oriented probes from
heavily boron-doped HPHT single-crystal diamond was demonstrated
[7-9]. More information on the use of electrically conductive diamonds
in STM can be found in the literature [10,11].

STM studies using a diamond tip, especially under high-vacuum

conditions [8], showed that when using different diamond needles
with the same alloying level and electrical conductivity, it is not always
possible to obtain the same quality of surface visualization. The
tunneling and feedback parameters often need to be adjusted. In some
cases, artifacts similar to those described in [12] where observed when
replacing the diamond tip.

Previous investigations of the electrophysical properties of HPHT
diamonds showed that the resistivity in regions belonging to different
growth pyramids differed by an order of magnitude because the carrier
transfer processes differed in different pyramids; measurement of the
temperature dependence of the electrical conductivity also confirmed
the difference in their structures [13]. Such heterogeneity is associated
with unequal levels of boron impurities in different growth pyramids.
Anisotropy analysis of HPHT diamonds is important for choosing the
most suitable crystals for scanning probe microscopy and nano-
electronics when the presence and distribution of impurities in the near-
surface layers of the crystal are of key importance.

Electrically conductive HPHT diamonds can be obtained by intro-
ducing boron into various growth systems, such as Fe-Al-C and Fe-Co-C
which are the simplest and at the same time easily reproducible, and are
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also widely used throughout the world for growing HPHT diamonds. The
absorption and distribution of boron impurities in the crystal depended
on the composition of the growth system. However, the influence of the
composition of HPHT diamond growth systems on the diamond tip
performance in STM has not been studied.

The purpose of the study is the preparation and characterization of
conductive diamonds grown in the Fe-Al-C-B and Fe-Co-C-B growth
systems as well as the development based on tunneling I-V character-
istics of a new method for selecting diamonds suitable for manufacturing
of STM probes.

2. Growth conditions of diamonds and preparation of diamond
tips

2.1. Growth conditions and photoluminescence of diamonds

For this study, samples of boron-doped diamond single crystals were
grown using the temperature gradient method at HPHT from the Fe-AlB-
C and Fe-Co-B-C growth systems. The Al content did not exceed 5 at. %,
cobalt content ranging from 30 to 40 at. %.

A toroid-type high-pressure apparatus (HPA) was used. A seed sys-
tem consisting of three seed crystals 0.5 mm was isolated from the sol-
vent alloy with a platinum layer to prevent dissolution until alloy-
solvent saturation was applied. Special low-ash graphite (GSM-1,
GOST 18191-78, contains at least 99.5 % carbon, ash <0.1 %, moisture
<0.2 %) was used as carbon source. The growth process was performed
at a pressure of 6 GPa and temperatures of 1350-1450 °C. The tem-
perature in the reaction zone was set using an alternating electric cur-
rent, that wass passed through a resistive heating system of the cell. The
boron contents were from 40 to 100 ppm, which provided a sufficient
level of conductivity.

Samples with a close-to-perfect crystal shape were selected from the
grown diamonds. The integral diameters of the selected crystals were
2.2-2.8 mm.

A study of the photoluminescence of diamonds showed that such
crystals are characterized by the presence of two dissimilar regions with
a sharply defined boundary between them (Fig. 1). The faces of the 111
shape correspond to the area of green luminescence, 100 — blue.

To study the internal structure of the individual crystals by the
grinding off method, 0.5 mm thick plane-parallel plates oriented parallel
to the sides of the cube were made. Fig. 2 shows typical images of the
plates under UV light, which indicate the significant internal in-
homogeneity of the samples.

The IR spectra of low-resistance samples cut from octahedral sectors
of crystals grown in Fe-Al-C-B and Fe-Co-C-B systems were similar.
These spectra clearly show the difference in absorption in the regions in
the growth pyramids of the octahedron and cube for a wave number of
1290 cm™}, corresponding to uncompensated boron (Figs. 3, 4). This
type of spectrum indicates an uneven distribution of boron
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concentrations in electrically conductive HPHT diamonds.

2.2. Preparation of the diamond tip

To obtain a “perfect” tip, the diamond must be sharpened in the
shape of a triangular pyramid. In this case, the three faces converged to
one point. Diamond single crystals weighing from 2.2 to 6.7 carats were
used for the manufacture of pyramids. Diamond crystals without in-
clusions were selected for higher quality STM probes. Dark blue crystals
of type IIb where only boron related defects are detectable by IR with a
boron content of 50-100 ppm were grown in the Fe-Al-C-B system. The
crystals grown in the Fe-Co-C-B system had predominantly yellow cubic
growth sectors with a predominant nitrogen impurity of 30-60 ppm and
dark blue octahedral sectors with a boron impurity of 40-50 ppm. Such
crystals were classified as mixed type Ib + IIb. Diamonds with well-
developed octahedral growth sectors which have the highest electrical
conductivity were selected for the manufacture of STM probes. The
diamond probes were made in such a way that almost the entire pyramid
consisted of an octahedral growth sector. The desired diamond shape
can be obtained using several methods, including cleaving, grinding,
sawing and polishing.

Cleaving is the oldest method of diamond shaping, because the
propensity of diamond to cleave along its octahedral {111} plane has
been known since ancient times [14]. A V-shaped kerf with millimeter
dimensions was placed in the appropriate plane with a sharp pointed
diamond. Subsequently, the special knife was inserted into the kerf and
tapped on the back of the blade with a wooden rod while keeping the
fracture propagating in a straight line without the crack branching on to
other cleavage planes. This requires a high degree of manual skills.
Typically, the surface it produces exhibits microscopic step patterns. It
was shown in [15] that the contribution of bond bending in addition to
the energy required to break a bond must be considered for the natural
dominance of {111} cleavage. Sawing is carried out along either the
octahedral plane or cube. The rotational speed of the saw was set ac-
cording to the stone size. Various aspects of diamond-shaping processes
have been presented in a variety of works, for example [16-18].

We used traditional approaches for machining diamond, considering
the existence of “soft” and “hard” crystal faces, as shown, for instance, in
[19]. The grinding directions of the samples are shown in Fig. 5. When
grinding, it should be considered that to achieve the maximum me-
chanical strength, the axis of the tip should not be perpendicular to the
crystallographic axis of the crystal (100). Micropowders with a grain
size <1 pm were used to overact the working surface of the grinding
wheel. The tip was cut with a thin diamond wheel to obtain a base face
on the opposite side of the pyramid apex in a plane perpendicular to its
axis. This tip shape allows the diamond to be mounted on certain types
of scanning probe microscope (SPM) consoles.

The challenge in obtaining a tip from a boron-doped diamond crystal
is the need to simultaneously consider the anisotropy of machinability

Fig. 1. Single crystals of diamond in UV light.
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Fig. 2. Diamond plates 0.5 mm thick in UV light.
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Fig. 3. IR absorption spectra [9] of a diamond sample taken from the cubic (a)
and octahedral (b) sectors of the crystal grown in the Fe-Al-C-B system.

and electrical conductivity of diamond. To consider the uneven distri-
bution of boron impurities in the crystal, a cathodoluminescence study
of the crystal was carried out at the initial stage of grinding [7].

From diamonds synthesized in the Fe-Co-C-B and Fe-Al-C-B growth
systems, 4 probes for each growth system were made (Fig. 6).

3. Experimental
3.1. Setup for testing of conductive diamonds

For a comparative analysis of the boron impurity distribution in
diamond samples at the nanoscale, a new approach was used, based on
measuring the tunneling current-voltage characteristics of the tunneling
gap between the diamond tip and the reference sample. The change in
the tunneling current with a change in the tunneling voltage was
recorded at a constant value of the tunneling gap. An equivalent circuit
for recording the currentvoltage characteristics of the “diamond tip-

v

Fig. 5. Schematic view of the shaped diamond. 1 — pyramid axis, 2 — directions
of the grinding/polishing, 3 — contact surface.
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Fig. 4. IR absorption spectra of a diamond sample taken from the cubic (a) and octahedral (b) sectors of the crystal grown in the Fe-Co-C-B system.
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Fig. 6. Four probes with diamonds synthesized in Fe-Co-C-B growth system
(#Co, #2Co, #3Co, #4Co) and four probes synthesized in Fe-Al-C-B growth
system (#1Al, #2Al, #3Al, #4Al).

sample” system is shown in Fig. 7. The proposed test scheme is similar to
the well-known method of scanning tunneling spectroscopy (STS)
[20,211, which makes it possible to determine the chemical purity and
uniformity of the test sample surface. In STS, the surface of the sample is
scanned, and the current-voltage characteristics of the tunneling gap are
measured at various points on the surface under study.

The difference in our proposed method is that the current-voltage
characteristic was recorded at a constant tip position above the refer-
ence surface of the test sample, and the tip's apex was the test object.
According to a detailed theoretical analysis [8], the experimentally
recorded I—V characteristics of the STM tunneling gap I(V;) depend on
the electronic structure of the tip, which determines a particular value of
the tunneling current at different tunneling electron energies. These
energies, in turn, are directly dependent on the tunneling voltage, V;. In
the simplified but understandable and well consistent with experiments
at low tunneling voltages V; < 1 V, tunneling theory by Tersoff and
Hamann [22], the value I; of the tunneling current in STM is a convo-
lution of the DOS of the tip p, and sample p:

Vi
I ~ / p,(Er +€)p,(Er — eV, +¢€)de @
0

e — electron charge, Er - the Fermi level.

Because an atomically smooth graphite (0 0 0 1) surface of high
purity was used, ps can be considered unchanged near the Fermi level
[23] when V; varies from 0 to 1 V, i.e. ps = const. Therefore, as shown in
Eq. (1), the density of the electronic states of the tip is proportional to
the dI,/dV; characteristic of the tunneling gap.
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Fig. 7. Equivalent circuit for measuring the current-voltage characteristics of
the tunneling gap between the diamond tip and the sample surface.
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dl, dl,
— ~ E V) ~— 2
de /7,;( F+ Vi) av, 2)

i.e. depends on the monotonicity of the function I,(Vy).

Because the density of the tip electronic states depends on its
chemical homogeneity, the I—V characteristic of the tunneling gap ob-
tained for various diamond probes can characterize the uniformity of the
distribution of impurities in diamond. For testing, an STM with a dia-
mond tip, as shown in [24,25], was upgraded. The redesigned probe
holder allowed for quick tip exchange for testing various diamond
specimens. To avoid the influence of the environment, the head of the
device was placed in a vacuum unit that provided a vacuum of at least
1073 mmHg. Art. Tunnel current feedback is disabled in electronic cir-
cuits. The tunneling current-voltage characteristics were recorded at a
constant tunneling gap. For a quick setup of the device, visual moni-
toring of the tunneling current was provided on a minioscilloscope built
directly into the device body. An image of the device on which the tests
were performed is shown in Fig. 8.

3.2. Tunneling current-voltage characteristics

An atomically smooth graphite (0 0 0 1) surface of high purity was
used as the test surface. The atomic smoothness and chemical homo-
geneity of the surface were confirmed using multiple repeated STM/STS
measurements.

The tunneling current-voltage characteristics were recorded at five
arbitrary points on the surface of each sample at a constant tunneling
gap. Figs. 9 and 10 show the typical current-voltage characteristics of
the tunneling gap in the “diamond-graphite” system for each sample.

As can be seen from the graphs, the tunneling current-voltage
characteristics of the diamond tips made from diamonds grown in the
Fe-Co-C-B and Fe-Al-C-B systems are significantly different. The
tunneling current of the samples of the Fe-Al-C-B system increases rather
smoothly (monotonously) over the entire range of increasing bias volt-
ages. Tests of samples of the Fe-Co-C-B system showed an intermittent
tunneling current-voltage curve.

Fig. 8. The image of the device on which the tests were carried out.
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Fig. 9. Tunneling I-V curves of the Fe-Co-C-B system.

4. Discussion

Our findings reveal differences in the tunneling I-V curves of dia-
mond tips made from crystals of the Fe-Co-C-B and Fe-Al-C-B growth
systems. It can be inferred that these differences are caused by the pe-
culiarities of the distribution of boron impurities in the tip apex of the
samples from the two growth systems. Each type of defect in diamond is
characterized by a certain frequency of IR radiation absorption. There-
fore, the study of IR spectra makes it possible to identify the impurities
present in the crystal. The distribution of various impurities in the dia-
mond lattice is clearly observed in the IR topography pattern of plates
made of diamond single crystals. “Pseudo-3D” image, which is built on
the basis of absorption at frequencies characteristic of certain impu-
rities, allows the identification and quantification of the level of entry
absorption in a specific area.

To study the IR spectra, samples of plates of both systems oriented
parallel to the (111) crystal face were used. The obtained IR topograms
for the plates of the Fe-Co-C-B growth system demonstrated a pro-
nounced difference in the absorption along the studied surface at a
wavelength of 1290 nm (Fig. 11a). The nature of the 3D images suggests
an uneven distribution of boron concentrations. The IR topograms for
the plates of the Fe-Al-C-B growth system were more homogeneous
(Fig. 11b). This characteristic of IR absorption at various points in the
sample indicates the high uniformity of boron impurity incorporation in
this sample.

Differences in the distribution of diamond impurities in the Fe-Co-C-
B and Fe-Al-C-B growth systems can be explained by the peculiarities of
crystal growth during synthesis. It is well known that cobalt, like iron,

belongs to the group of transition metals, while aluminum is a strong
reducing agent. The latter is classified as a so-called nitrogen getter, and
its introduction into the medium makes it possible to grow a poor-ni-
trogen diamond i.e., diamond synthesized in Fe-Al-C-B has more un-
compensated boron and hence its electrical properties are better,
compared to diamond synthesized in Fe-Co-C-B system. Recently it was
found that the principal role of getters is the formation of a fluid phase
which contains numerous heavy hydrocarbons [26,27].

Thus, the growth system at high PT contains the extremely low
contents of light elements in a free form. An additional effect is that the
increasing hydrocarbons reduce the production of carbides since they
capture the excess carbon. Previous studies using scanning electron
microscopy showed the presence of small single crystals in a solidified
metal on the facet of a diamond grown in the Fe-Co-C-B system.
Apparently, such small single crystals are formed during the crystalli-
zation of excess carbon after the precipitation of carbides from the so-
lidifying alloy-solvent that crystallizes on the diamond facets [28,29].
The complex structure of the face during crystal growth in the Fe-Co-B-C
growth system is the reason for the formation of many point vacancies,
which are filled with various chemical elements of the solvent, and each
element has its own density of electronic states. Boron was the key im-
purity element in the low-resistance samples under consideration (see
Fig. 3). In turn, in accordance with formulas (1) and (2), a complex,
inhomogeneous, and practically unpredictable distribution of the den-
sity of electronic states of the tip caused by impurities in the crystal
lattice leads to a chaotic jump-like change in the tunneling current with
a change in the tunneling voltage. Samples grown in the Fe-Al-C-B
growth system usually have mirror-smooth faces; crystal growth
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Fig. 10. Tunneling I-V curves of the Fe-Al-C-B system.
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occurs uniformly over the entire face, with a relatively small number of
point defects that can be occupied by solvent impurities. This leads to
greater chemical homogeneity of the crystal and, accordingly, to a more
monotonic change in the tunneling current with a change in the
tunneling voltage.

Two high-resolution STM images of the highly oriented pyrolytic

Absorbance (Abs)

Position (micrometers)
1000

(b)

Fig. 11. IR topograms of diamond samples at a wavelength of 1290 nm: (a) Fe-Co-C-B growth system, (b) Fe-Al-C-B growth system.

graphite (0001) surface measured with the (111)-oriented diamond tip
after ion sputtering are shown in Fig. 12a and b.

The image in Fig. 12a measured using a STM tip with significant
jumps in the tunneling I-V curves not reveals the hexagonal pattern,
which is most frequently observed in reliable atomically resolved STM
experiments on graphite. Such tips do not provide the high quality
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Fig. 12. STM images of the atomic structure of HOPG measured using diamond tips which shown in Fig. 6.

patterns measured during our experiments. The contrast of the atomic
features and the high noise level in the atomically resolved image show
the diamond tip's instability during the experiments.

Another STM image (see Fig. 12b) measured using diamond tip from
single crystal grown in an Fe-Al-C-B growth system exhibits a honey-
comb pattern, visualizing the atomic structure of the top graphite layer.
As can see from Fig. 12b the image of the surface carbon atoms are well
resolved as individual, spherically symmetric protrusions. Fig. 12b
demonstrates that HOPG atomically resolved images can be obtained
with an unchanged single-crystal diamond tip at different gap
resistances.

Thus, our results show that by the nature of the experimental
tunneling I-V characteristics, it is possible to evaluate the suitability of
the Bdoped tip for use with STM. In addition to STM, the study of
tunneling I-V curves of diamonds will be useful wherever the distribu-
tion of impurities in the crystal plays a key role. The cases in point are
diamond matrices for prototypes of quantum computers based on color
centers in diamond, quantum optics, single-photon cryptography sys-
tems on diamond, diamond resistive microscopy, capacitive microscopy,
recording digital information with nanoprobes, manufacturing emitters
for electron lithography and other applications. As a result, it seems
promising to further develop the proposed method in the direction of
establishing criteria for the certification of synthetic diamond samples
with potential for practical use.

5. Conclusion

In this study, we examined the preparation of electrically conductive
HPHT diamond probs for STM. A key feature for manufacturing the tip is
to acknowledge the zonal structure of boron-doped diamond crystals. In
turn, we developed a new method for the characterization and selection
of electrically conductive diamonds using the electron tunneling phe-
nomenon. The method is based on the recording and analysis of the
tunneling I-V characteristics between the diamond tip and pure graphite
surface at a constant tunneling gap. When using a pure graphite surface,
tunneling I-V characteristics of diamonds suitable for use in the STM
should be monotonous while the tunneling currents vary from 0.1 to 6
nA with an increase in bias voltages from 0.05 to 1 V. It was shown for
the first time in the relevant literature that HPHT diamonds grown in the
Fe-Al-C-B growth system are the most suitable for use as STM probs.
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