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Magic-Sized Diamond Nanocrystals
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The 2D structural transformation of a heavily boron-doped diamond surface has been revealed using
scanning tunneling microscopy (STM). We found that at boron densities above the metal-insulator
transition the diamond surface is comprised of spatially ordered magic-sized nanocrystals. The develop-
ment of quantized electron gas inside these nanocrystals is directly confirmed by STM observation of
standing electron waves. The experimental comparison of metallic and insulating diamond reveals the
existence of the Fermi-sea-induced quantum selection rules for the self-assembly of nanostructures.
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The interplay of structural and electronic properties of
materials represents one of the core problems of condensed
matter physics. In nanoscale systems, this interplay often
manifests itself as a competition between quantum effects,
which control the electronic properties of nanostructures
[1-6], and classical effects of atomic diffusion, which
determine their growth and morphology [7-9]. The exis-
tence of unusual quantum selection rules, the quantum
“electronic growth”, affecting the size distribution of me-
tallic nanostructures has been discovered in recent years
[1,2,4-6]. According to this concept, the electron de
Broglie wavelength controls the geometry of nanostruc-
tures and establishes the preferred size. The hypothesis of
electronic growth had been already confirmed by observa-
tion of “magic” heights in thin metal films [2,4-6], and
observation of magic-sized 2D molecular self-assembly on
Cu(111) surface [10].

Diamond and diamond nanostructures represent very
interesting and rich model object for structure-property
relationship studies at nanometer scale. Although in its
pure form diamond is known to be an insulator with a
band gap of 5.5 eV, upon heavy boron-doping this material
becomes a metal and at low temperatures even a supercon-
ductor [11-15]. Indeed, despite large electronic activation
energy of boron atoms in diamond (373 meV), broadening
of the impurity level at high dopant densities causes its
overlap with diamond valence band edge followed by the
insulator-to-metal transition. A size-dependent insulator-
to-metal transition in diamond at high nitrogen doping was
also experimentally observed and theoretically explained
[16]. Thin films of diamond microcrystals and nanopar-
ticles, both insulating and metallic, can be synthesized on a
variety of solid substrates using the recently developed
chemical vapor deposition (CVD) technique [17-21].
Because this technique combines the growth and the dop-
ing of nanostructures in the single deposition process, the
influence of quantum electronic effects on the growth
dynamics here can be directly studied. Previous scanning
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tunneling microscopy (STM) studies of this material had
been focused on (2 X 1) dimer reconstruction [22], emis-
sion properties [23], and low-temperature superconducting
properties [24,25].

In this Letter, we report the first STM observation of the
quantum size-effect in boron-doped diamond. We found
that at the surfaces of CVD-grown diamond films, the
boron induced insulator-to-metal transition facilitates the
self-assembly of spatially ordered magic-sized nanocrys-
tals. We suggest that the development of this 2D super-
structure is caused by the Fermi-sea-induced quantum
electronic growth mechanism.

For this study, we used 2 um thickness boron-free and
boron-doped diamond films on silicon synthesized by
Advanced Diamond Technologies, Inc. The samples were
grown under similar conditions. The nominal impurity
concentration in B-doped samples was 10°° cm™3. The
samples have been characterized using scanning electron
microscopy (SEM) and variable-temperature ultra high
vacuum STM (UHV300 from RHK Technology, Inc.).

The STM measurements on boron-doped samples were
performed at room temperature. In Fig. 1 we show the
large-scale STM and SEM (see the inset) images of boron-
doped diamond films, whose surface structure was the
main target of this work. On both images one can easily
see large diamond grains whose sizes range from 0.2 to
1.0 um, in close agreement with earlier published struc-
tural studies [26,27].

At the next stage of experiments, the STM tip was
positioned on top of the individual diamond microcrystal.
The flat facets of diamond microcrystals that were selected
for our measurements exhibited modest tilt, which was
typically = 30° and could be electronically compensated
during STM data acquisition. In Figs. 2(a) and 2(b) we
show the typical STM images obtained on top surface of
diamond microcrystals. The images are comprised of pe-
riodically ordered parallelogram-shaped grains. The exis-
tence of the two-dimensional order in these images is also
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FIG. 1 (color). Boron-doped diamond microcrystals observed
by STM at room temperature. The image sizes are 1.5 X
1.5 um. The image was obtained using tunneling current / =
0.1 nA and tip bias V = 1200 mV. Inset: 7.3 X 6.3 um SEM
image of boron-doped diamond sample.

confirmed in the 2D STM Fourier transform shown in
Fig. 2(c). Here we observe the two sets of Fourier peaks
whose translation axes intersect at 60°, i.e., the angle
arising from the (111) surface symmetry of diamond mi-
crocrystal, and strongly indicating the presence of two
spatial periodicities. Surprisingly, the absolute ratio of
these spatial periodicities is extremely close to the prime
number ratio 2/3. The model “unit cell”, which corre-
sponds to the STM data, is shown in the Fig. 2(d). The base
and the height of diamond parallelograms, whose exact
values have been determined both from Fig. 2(c) and from
the high-resolution STM images to be discussed later, are
8.3 and 10.5 nm, respectively. From the cross section of the
STM image [see Fig. 02(6)] we determined that the topo-
graphic contrast is 15 A. This is by an order of magnitude
larger than the STM contrast typically induced by purely
electronic effects. Indeed, as it was shown in earlier STM
studies [3,6,28], the vertical contrast due to spatial modu-
lation of electronic density of states is usually =1 A. Thus,
we have strong reasons to believe that the top surface of
B-doped diamond microcrystals is comprised of spatially
ordered magic-sized diamond grains. Because the grains
are very closely spaced their true “height™ is likely to be
>15 A [29]. The periodic superstructures, as shown in
Figs. 2(a) and 2(b), can be observed by STM on all
B-doped diamond microcrystals. In some cases we also
observed the formation of antiphase twinning boundaries
inside of these superstructures. The example of such anti-
phase boundary is shown in the STM image in Fig. 2(f).
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FIG. 2 (color). (a),(b) STM images obtained on top of indi-
vidual boron-doped diamond microcrystals. The image sizes are
(a) 620 X 500 A% and (b) 1300 X 1300 A%. The measurements
were performed at room temperature, using / = 0.1 nA and V =
700 mV. (c) The 2D Fourier transform of STM image in Fig. 2a.
(d) Model two-dimensional array of parallelogram-shaped dia-
mond nanocrystals. The heights of these parallelograms are
L, =83 Acos30° =72 A and L, = 105 A, and their ratio is
extremely close to the ratio of integers: L,: L, = 2/3. (e) The
cross section of STM image in Fig. 2(b) [see the yellow line
across Fig. 2(b)]. (f) 400 X 240 A% STM image of antiphase
boundary of nanoscale diamond grains. The image was obtained
at I = 0.1 nA and V =700 mV. (g) STM image of “triplet”
electronic fringes on top of diamond nanocrystals. The measure-
ments were performed at / = 0.1 nA and V = 500 mV.

One can see two mirrorlike oriented stripes of periodically
ordered parallelogram-shaped diamond nanocrystals. This
STM image additionally confirms the lateral dimensions
of diamond nanocrystals that were previously shown in
Fig. 2(d). In addition to the structure-induced STM con-
trast, visible in the cross section in Fig. 2(e), on top
surfaces of diamond nanocrystals STM also resolved fine
triplet structure of 35-A-spaced fringes. These fringes are
shown in Fig. 2(g). The vertical contrast of these fringes
~1 A strongly suggests their purely electronic rather than
structural origin. As it will be discussed later in more
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detail, the superstructure of magic-sized diamond nano-
particles arises from dopant-induced quantum effects, and
the lateral fringes inside these nanoparticles reflect the
development of lateral standing electron waves: the driving
force of the electronic growth mechanism.

For comparison, in Fig. 3(a) we show the typical STM
image of boron-free nanocrystalline diamond film. This
sample was prepared under similar conditions, although
without B doping. Because of lack of room-temperature
electrical conductivity in this sample, the STM measure-
ments were performed at 420 °C. We observed 10-20 nm
diamond grains whose distribution of shapes and sizes is
quite random, resulting in disordered polycrystalline film
morphology. The absence of spatial order in this sample is
also confirmed in the 2D STM Fourier transform shown in
Fig. 3(b). Very similar film morphologies of pure nano-
crystalline diamond had been reported in the earlier AFM
studies [30].

Although the growth of pure nanocrystalline diamond
films, shown in Fig. 3(a), had been known before [17,30],
and their imaging has been done in our study for compari-
son purposes only, the growth of oriented boron-rich nano-
crystals with uniform size distribution, as in Fig. 2, repre-
sents new and previously unknown phenomenon. Appar-
ently, only the physical mechanism imposing strict geo-
metrical selection rules for growth of nanocrystals can be
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FIG. 3 (color). (a) Typical STM image of undoped nanocrys-
talline diamond film. The image sizes are 3000 X 3000 A% The
measurements were made at 420 °C using / = 0.1 nA and V =
1500 mV. (b) The 2D Fourier transform of STM image in (a).
(c) The energy diagram illustrating the development of the Fermi
sea in heavily doped diamond. This bulk energy diagram remains
essentially valid for individual nanocrystals shown in Fig. 2 due
to large (>10%) number of boron atoms contained in each of
them. (d) The oscillations of electron density in 3Az/2 quantum
dot. Inset: the fragment of STM image from Fig. 2(g).
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responsible for this phenomenon. We believe that the ob-
servation of fine triplet structure of electron fringes on top
of B-doped nanocrystals provides insight into the possible
nature of these geometrical selection rules. As it was
shown in the earlier published experimental and theoretical
studies of metallic nanostructures [1,2,4-6,10], the magic
sizes can develop due to quantum size-effect. According to
this electronic growth mechanism, as long as the size of the
nanostructure remains less than

Ly > ()
with A being the Fermi wavelength and N = 1,2,3,...,
the time evolution of its growth remains extremely fast.
Upon reaching this magic size, i.e., when the correspond-
ing quantum-dot-shell is fully developed, the time evolu-
tion of growth slows down by orders of magnitude. This
happens due to the oscillatory size dependence of the
energy of nanostructures. As a consequence, at any given
time the observed size distribution of nanostructures ex-
hibits strong maxima at the discrete values predicted by
Eq. (1). Thus, according to earlier studies, the quantum
size-effect can impose strict geometrical selection rules for
growth of nanoparticles. In semiconductors, the realization
of such electronic growth requires extremely high levels of
doping leading to the insulator-to-metal transition and the
development of the Fermi sea, i.e., exactloy what takes place
in B-doped diamond. Assuming the 35-A spacing between
the lateral electronic fringes observed by STM on top of
diamond nanoparticles to be 1/2A, [31-35] which repre-
sents the spatial periodicity of Friedel oscillations, and
taking into account the well-known relation between this
length scale and the concentration of free carriers [36]

A 3n,\~1/3
Y= @

we are coming to the conclusion that at the surfaces of
studied B-doped samples n, = 2.44 X 10! cm™3. On the
other hand, as it was shown in the earlier published trans-
port studies of B-doped diamond films, in the heavily
doped regime the portion of ionized boron impurities is
~1072 at room temperature [12]. This happens because of
the development of broad impurity band, which signifi-
cantly reduces the effective activation energy of boron
dopants. Therefore, the concentration of boron atoms in
diamond nanoparticles in Fig. 2 can be estimated as
10! cm™3, which is (a) well above the boron density
required for insulator-to-metal transition [11-14], and (b)
by an order of magnitude larger than the nominal bulk
concentration. Indeed, boron atoms have been known for
their tendency to segregate at semiconductor surfaces [37].
Thus, the superstructures on surfaces of studied B-doped
diamond samples are most likely caused by the insulator-
to-metal transition at extremely high concentration of dop-
ant (10* ppm). As we speculate in Figs. 3(c) and 3(d),
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under these conditions the boron impurity band consider-
ably broadens and overlaps the diamond valence band edge
[15], which causes the system to behave as a degenerate
metal with k =~ 0.089 A~!. In this metallic regime, which
in our samples develops primarily at the surface, the ge-
ometries of individual nanoparticles become strongly af-
fected by dopant-induced electronic growth mechanism
with the quantum magic size L = 3Az/2. The number of
2D metallic holes per each diamond nanocrystal equals to

(island area) X ng/ 3~7.In Fig. 3(d) we show the lateral
profile of electron density oscillations in 3Az/2 quantum
dot, which consists of three A/2—separated density max-
ima, similar to the triplet structure of electron fringes
observed by STM. For simplicity, only the Fermi level
contribution has been taken into account in Fig. 3(d). The
additional fact strongly indicating in favor of our model is
that the height-ratio of diamond parallelograms, which
essentially represents the ratio of two spatial periodicities
[see Figs. 2(c), 2(d), and 2(f)], is extremely close to the
ratio of integers, i.e., 72 A: 105 A = 2/3, as indeed an-
ticipated for the 2D electronic growth according to Eq. (1).
Although the quantum size-effect can quantitatively justify
the experimentally observed spatial periodicities: L; = Ap
and L, = 3\p/2, it cannot explain why the 2/3-ratio
yields the stable energy minima responsible for growth of
ordered nanocrystals. Unlike in thin films, where electronic
growth had been mostly studied, in quantum dots there
exist additional factors which can contribute to the energy
balance, such as: the number of filled electronic shells
(including the parity effect) and the interdot coupling.
These factors, extremely sensitive to the island area, in
combination with the quantum size-effect can be respon-
sible for detailed structure of diamond superlattice.

The STM study of magic-sized nanocrystals on surface
of boron-doped metallic diamond, described in this Letter,
clearly demonstrates that the interplay of structural and
electronic properties of materials greatly enhances at nano-
meter scale and in reduced dimensions. We showed that the
crucial role in this process belongs to the competition
between classical and quantum effects.
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