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ABSTRACT

We report formation of self-organized nanodiamond ring structures due to dynamical heterogeneity
in super undercooled carbon, created by nanosecond laser melting of amorphous carbon layers. We
envisage that diamond tetrahedra self-organize and lead to formation of string and ring structures
on which nanodiamonds nucleate and grow. Denser ring structures are formed in Q-carbon due to
higher undercooling and enhanced diamond nucleation. The average size is larger under heteroge-
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neous nucleation compared to homogeneous nucleation due to lower critical size and free energy,
allowing more time for growth. With nanosecond laser melting, growth velocities range 5-10 ms ™!

and even higher for Q-carbon.

Formation of self-organized nanodiamond rings on
sapphire (0001) substrate by nanosecond laser annealing

s

IMPACT STATEMENT

Significant advancement in the creation of self-organized nanodiamond ring and string structures

by laser processing at ambient pressure and temperature

1. Introduction

The formation of self-organized diamond-related nanos-
tructures, which are needed for next-generation quantum
technology and nanosensing applications with room-
temperature operations, presents tremendous scientific
and technical challenges [1,2]. Current equilibrium
methods, based upon high-temperature (5000K) and
pressure (12 GPa), lead to the formation of randomly ori-
ented diamond nanoparticles and microparticles, which
cannot be assembled with a fixed orientation on any
substrate [1,3]. The chemical vapor deposition (CVD)
methods require toxic gases at high temperatures, lead-
ing to etching of the substrates and formation of inter-
posing amorphous graphitic layers, which interfere with
diamond epitaxy and orientation control [4,5]. The for-
mation of graphitic layers is more prevalent on transition
metals and alloys with partially filled d shells, which
include most ferrous metals and steels [5]. In addition,

the nucleation of diamond by CVD presents challenges
for any self-organization and requires external seeding
by sprinkling randomly oriented nanodiamonds. This
presents challenges for any self-organization and nanodi-
amonds often are contaminated with unwanted impu-
rities and amorphous carbon layers [6]. Recently, we
reported a major breakthrough in the synthesis of dia-
mond and c-BN related materials [7-9], where carbon
and BN layers were melted by nanosecond lasers and
converted directly into phase-pure diamond and c-BN,
respectively. We showed that at a certain undercooling
(~ 1000 K), the molten carbon layers converted into dia-
mond, and at a higher values of undercooling a new phase
of carbon (Q-carbon) was obtained with many unique
and extraordinary properties [8,9]. A detailed analysis
of the structure of Q-carbon showed that it consists of
diamond tetrahedra, which are packed randomly with a
packing efficiency > 80%. The bonding characteristics
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between the tetrahedra were determined to be sp> and
in between sp? with an overall sp* content of over 80%.
The extraordinary properties of Q-carbon include higher
hardness than diamond, room-temperature ferromag-
netism when pure, both n- and p-type doping beyond
thermodynamic solubility limit, and record BCS super-
conductivity in B-doped Q-carbon with transition tem-
perature > 55K [7-9].

The primary focus of this paper is that diamond tetra-
hedra in super undercooled carbon align along <110 >
or <100> (through 90° degree rotation) directions
and form strings and rings which provide critical nuclei
for diamond growth. Thus, nanodiamonds nucleate and
grow more readily around these strings and rings than
in the bulk. The number density of clusters of diamond
tetrahedra along strings and rings, which provide critical-
size diamond nuclei, is much higher in Q-carbon than
in «-carbon. This difference leads to a higher num-
ber density of nanodiamonds in Q-carbon compared
to a-carbon. The «-carbon is formed after quenching
the super undercooled state at a lower undercooling
than required for Q-carbon. The laser-irradiated area
up to one-cm-square-per pulse could be scaled up to
100-200 cm? s ! by using the 100-200 Hz laser. Forma-
tion of nanodiamonds and epitaxial nanodots is of special
significance in view of many applications ranging from
nanoscale imaging to nanosensing, quantum communi-
cation, and computing.

2. Experimental

Formation of self-organized nanodiamonds and micro-
diamond rings required two steps: (1) pulsed laser depo-
sition of amorphous carbon with thickness (50-500 nm) on
c-sapphire; and (2) laser annealing of amorphous car-
bon layers to form different diamond microstruc-
tures. Amorphous carbon films were deposited using
nanosecond laser pulses of a KrF excimer laser (wave-
length = 248 nm, and pulse duration = 25ns) with
chamber pressure of 1.0 x 107® to 5.0 x 1077 Torr at
room temperature. The repetition rate and the laser
energy density of the nanosecond laser were 10Hz
and 3.0-3.5Jcm ™2, respectively. The ratio of sp? to sp>
bonded carbon of the as-deposited amorphous carbon
thin films was controlled by laser and substrate vari-
ables, including substrate temperature and pulse energy
density and laser plume characteristics. The amorphous
carbon films were laser annealed by using nanosecond
ArF excimer laser (wavelength = 193 nm, pulse dura-
tion = 20 ns). The Q-carbon was formed in the range of
0.6-0.7 Jem 2 and diamond 0.7-1.0 Jem 2. The details
of the structure and bonding characteristics of differ-
ent phases have been already published [7-10]. Here, we
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focus on the formation of self-organized nanodiamond
structures.

3. Results and discussions

Amorphous carbon layers can be melted to a super
undercooled state by nanosecond laser pulses, and con-
verted upon quenching into diamond-like amorphous
carbon with ~60% sp® bonding (a-carbon), pure dia-
mond or a new phase of Q-carbon (with ~80% sp®
bonding). The formation of these phases depends upon
the degree of undercooling, where with increasing under-
cooling a-carbon, diamond and Q-carbon are formed.
Figure 1(a) shows schematically the conversion of amor-
phous carbon (a-carbon) into graphene, a-carbon, dia-
mond, and Q-carbon near the sapphire substrate, where
the undercooling is the highest, followed by diamond
and «-carbon layers with decreasing undercooling. The
graphene layers are formed, when there is very little
or no undercooling. Figure 1(b) illustrates Gibbs free
energy (AGr) versus temperature T, where free energy
curves for graphite or graphene (equilibrium phase),
and nonequilibrium phases («-carbon, diamond, and Q-
carbon) are intersected by molten carbon with a higher
entropy. The formation of different phases occurs at the
free-energy intersections, where the degree of undercool-
ing is the difference between the melting point of graphite
(~ 5000 K) and melting points of the respective phases.
Figure 2 shows results of laser-solid interaction calcu-
lations using the SLIM program [11]. The figure shows
the plot of temperature versus time (Figure 2(a)), melt
depth versus time (Figure 2(b)), and melt growth veloc-
ity as a function of time (Figure 2(c)). The crystal growth
velocity for diamond is 3-6 ms ™!, and formation veloc-
ity for Q-carbon is as high as 10 ms™!. When thin layers
of amorphous carbon (a-carbon) are melted to a super
undercooled state, it can lead to formation of circular
nanodiamond rings at the sapphire interface (R;), and
noncircular nanodiamond rings within the bulk of o-
carbon (Ry), as shown in Figure 3(a). The strings are
formed if the structure is quenched before completing
a ring structure. The supplementary Figure S1 shows
schematically the formation of circular nanodiamond
rings at the sapphire interface and noncircular rings
within the bulk of «-carbon. The noncircular rings are
also formed often when two circular rings get merged just
before quenching. The nanodiamond formed at the sap-
phire interface anchors the ring formed in «-carbon, as
illustrated in Figure S1. The lighter contrast associated
with the circular nanodiamond rings in direct contact
with sapphire is attributed to a charge build-up dur-
ing HRSEM imaging [12]. The nanodiamonds associated
with noncircular rings within the bulk of «-carbon do
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Figure 1. (a) Conversion of amorphous carbon (a-carbon) into «-carbon, diamond, and Q-carbon near the sapphire substrate; and (b)
Gibbs free energy (AGr) versus temperature T, showing temperatures for the formation of different phases.
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Figure 2. Laser-solid interaction calculations using the SLIM program: (a) temperature versus time; (b) melt depth versus time; and (c)
Melt growth velocity as a function of time.



Figure 3. Formation of circular nanodiamond rings at the sap-
phire interface (Rq), and noncircular nanodiamond rings within
the bulk of ¢-carbon (R;); and (b) nanodiamond noncircular rings
at the interface and bulk of «-carbon without Q-carbon.

not show such a contrast, except for those on the sap-
phire. The number density of nanodiamonds at R; on
the sapphire is much higher compared to R, because
of the heterogeneous nucleation and the presence of Q-
carbon near the sapphire interface. The higher under-
cooling near the interface increases the gain in Gibbs free
energy and reduces the critical diamond nucleus size. The
Gibbs free energy is given by AGr = —AHy. AT/Th,
where AT is the undercooling, AHy, melting enthalpy,
and Ty, is the melting point of carbon. The atomic struc-
ture of Q-carbon provides critical size diamond nuclei
on which nanodiamonds grow readily. Figure 3(b) shows
nanodiamond rings associated with melt puddles at the
sapphire interface and within the bulk of «-carbon (Ry).
In addition, the figure shows the formation of epitaxial
<111 > microdiamonds which grow on (0001) sapphire
template (Rs). These results provide a direct evidence for
the formation of rings and strings as a result of large
undercooling in the molten carbon. The details of this
growth will be discussed later in this paper.

Figure 4(a) shows the formation of circular and non-
circular rings with a high density of nanodiamonds in
Q-carbon (R} ), where noncircular rings are formed when
two circular rings merge before quenching. The details
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of noncircular nanodiamond rings within the bulk of
a-carbon are illustrated at Ry, which grow in conjunc-
tion with larger nanodiamonds having lighter contrast
at Rz on the sapphire substrate. These larger nanodia-
monds grow directly on the sapphire substrate via het-
erogeneous nucleation. This figure shows a large area of
Q-carbon and «-carbon, where growth of nanodiamond
rings and epitaxial microdiamonds can be clearly com-
pared. It is interesting to note that the number density
of nanodiamonds in rings associated with Q-carbon (R4)
is considerably higher than that in the a-carbon (Rj).
This is surmised to result from the presence of a much
higher number density of critical size diamond nuclei
in Q-carbon. Figure S2 illustrates the formation of these
three different microstructures schematically. The aver-
age size of nanodiamonds in Q-carbon and in «-carbon
is about the same (5 nm), implying that both phases have
diamond nuclei of critical size [13, 14], however, num-
ber density of these nuclei is much higher in Q-carbon
than in the ar-carbon. This micrograph shows the growth
of <111 > microdiamonds (Rs) and < 100> micro-
diamond (Rg) with sapphire 0001) substrate in both «-
carbon and Q-carbon regions. Figure 4 (a) also shows
a direct comparison of morphologies of nanodiamond
rings and growth of microdiamonds in Q-carbon and «-
carbon. The <111> diamond epitaxial growth at Rs
is confirmed by the inset EBSD pattern in Figure 4(b).
The epitaxial growth of diamond on (0001) sapphire
is found to have mostly triangular (<111 > epitaxy at
Rs), but some rectangular morphology ( < 100 > epitaxy
at Rg). These < 111> oriented microdiamonds at Rs
and < 100> microdiamonds at R grow with respect to
sapphire via domain matching epitaxy [DME][15]. The
epitaxial relation at R; was determined to be <111 >
Diamond // <0001 > Sapphire out of the plane, and
<110 > Diamond // <2110 > Sapphire in the plane via
DME. The DME involves matching of eighteen (2110)
half planes of sapphire with seventeen (110) planes of
silicon. The epitaxial relation at Rs was determined to
be <100> Diamond // <0001 > Sapphire out of the
plane, and < 110> Diamond // <2110> Sapphire in
one direction and <110 > Diamond // <1010 > Sap-
phire in the other direction on the plane, which involves
a30°/90° rotation. Along the < 1010 > direction, eleven
(1010) half planes of sapphire with twelve (110) planes of
diamond. It is interesting to note that average size of these
microdiamonds (at Rs5 and Rg) is about 250 nm, from
which diamond growth velocity is estimated 5.0 ms™!
by using 50ns growth estimated from SLIM calcula-
tions [11]. It should be mentioned that the nucleation
of diamond on sapphire substrates is quite challeng-
ing by CVD processes due to lack of nucleation sites
and the presence of carbide forming interfacial layers
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Figure 4. (a) Direct comparison of nanodiamond rings and epitaxial microdiamonds in a-carbon and Q-carbon, and (b) different mor-
phology nanodiamond rings and epitaxial microdiamonds in a-carbon and Q-carbon. The inset shows < 111 > diamond EBSD pattern

from Rs.

[6]. Figure 4(b) shows a different morphology of for-
mation of nanodiamond rings in Q-carbon at R; and
in a-carbon at Ry, and < 111> and < 100> epitax-
ial microdiamonds on sapphire substrate at R5 and R,
respectively. The inset shows < 111> EBSD diamond
pattern to confirm epitaxial growth on sapphire. It is
interesting to note that <100> epitaxy of diamond
is possible on (0001) sapphire, when there is <110 >
Diamond// <2110 > Sapphire in one direction and
<110> Diamond// <1010 > Sapphire in other direc-
tion of the film plane. Figure S3 shows Raman spectra
from nanodiamonds, where diamond Tog peak is shifted
slightly downwards (~5cm™!) from bulk diamond
peak at 1332cm™! to illustrate quantum confinement
effects.

The formation of a perfect Q-carbon micro-ring struc-
ture occurs by generation of a wave pattern (puddles)
in the super undercooled molten carbon, where a thick-
ness variation [16] leads to formation of Q-carbon at the
troughs. This is illustrated schematically in Figure S4. At
a lower thickness, the undercooling is optimized for the
formation of Q-carbon. Figure 5(a) shows formation of
Q-carbon ring structure with 5-7 microns diameter (r;).
When these Q-carbon rings merge, they create larger and
more complex structures. When these ring structures just
touch, there are larger Q-carbon and diamond structures
at the boundary (r,). However, if these ring structures
meet before Q-carbon and diamond nucleation, then
there is no residual boundary between them (r3). When
multiple ring structures meet, they create highly complex



Figure 5. (a) Formation of large circular microrings with the
sapphire substrate; (b) formation of nanoring structure within
the microrings;(c) formation of self-organized epitaxial nanodia-
monds at the «-carbon/sapphire interface; (d) schematic repre-
sentation of alignment of diamond tetrahedra along the <110 >
directions for the formation stringlike structures; and (e) self-
organization of < 110> strings into circular rings to minimize
line tension energy.

shapes, as shown at ry. The most interesting observa-
tion was the formation of diamond ring structures within
the Q-carbon phase, as shown at a higher magnification
in Figure 5(b) at rs. Figure 5(b) shows the formation
of different nanodiamond ring structures within a Q-
carbon ring structure with average nanodiamond size of
5-10 nm. These nanodiamonds grow on sapphire (0001)
epitaxially via DME.
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The formation of diamond ring structures within Q-
carbon rings (Figure 5(b)) occurs at a slightly lower
undercooling. The formation of diamond ring structure
is periodic, similar to that observed earlier in nanodia-
mond rings from super undercooled carbon. The peri-
odic structures are formed as a result of periodic thick-
ness fluctuations which lower the total free energy. The
formation of wave pattern on the surface of molten super
undercooled carbon is caused by surface tension instabil-
ity, which leads to formation Q-carbon ring structures.
The formation of nanodiamond ring structure is caused
by line tension instability around the ring, where peri-
odic nanodiamond structure may lead to a lower free
energy.

Formation of self-organized nanodiamonds is shown
in Figure 5(c) at the wo-carbon/sapphire interface.
Here the nanodiamonds grow epitaxially with <111 >
diamond// <0001 > sapphire by domain matching epi-
taxy with the in-plane alignment of <110 > diamond//
<2110 > sapphire. Figure S5 shows the formation of self-
organized epitaxial nanodiamonds and microdiamond
platelets on a (0001) sapphire substrate. It is interesting
to note the presence of diamond plates growing paral-
lel (at R;), in addition to plates normal to the (0001)
sapphire substrate (at R;). It is envisaged that the nucle-
ation of platelets is associated with the formation of a thin
layer of Q-carbon, where subsequent growth is dictated
by these nuclei. When the Q-carbon layer breaks into
small filamentary structures like nanorods, then these
provide nucleation sites to grow platelet structures nor-
mal to the substrate. By doping amorphous carbon lay-
ers with N and Si, nanodiamonds can be doped with
N and Si to create NV and SiV doped nanodiamonds
needed for quantum sensing, communication, and
computing [17].

The formation of strings and rings in o-carbon and
Q-carbon is rationalized by the alignment of diamond
tetrahedra along the <110> directions, as shown in
Figure 5(d). The alignment of diamond tetrahedra along
<100 > directions requires a 90° rotation between two
adjacent tetrahedra. This alignment can result from
dynamical heterogeneity, which has been studied exper-
imentally and theoretically in supercooled liquids and
spin glasses [18,19]. The formation of stringlike struc-
ture is found to increase with undercooling as we go
from «-carbon to Q-carbon. These <110> strings
can self-organize into rings to minimize line tension
energy, as shown in Figure 5(e). The diamond tetrahe-
dra along these strings and rings provide critical nuclei
for diamond formation. The size of the nanodiamonds
along these rings is determined by the pulse duration
and available time for liquid-phase growth during the
quenching cycle. The separation between nanodiamonds
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is considerably lower in Q-carbon than in a-carbon,
while the average size is about the same. This may
result from higher undercooling in Q-carbon than in «-
carbon. The formation of Q-carbon has been confirmed
theoretically [20] and experimentally [21] by other
researchers.

The Q-carbon structure consists of randomly packed
diamond tetrahedra with packing efficiency > 80%. The
bonding within the tetrahedra is sp> with sp?> bond-
ing between tetrahedra. The diamond tetrahedra pro-
vide easy nucleation sites for diamond growth. When
three diamond tetrahedra then get together in the form
of a string (as in Q; phase), it may achieve a criti-
cal diamond nuclei for homogeneous nucleation, esti-
mated to be ~1nm [7]. The Q; phase is formed when
three diamond tetrahedra units are repeated randomly
[9]. We have shown the formation of three distinct Q
phases in B-doped Q-carbon (namely Qg;, Qpa, and
Qg3) with superconducting transition temperature of 37,
57K, and over 110K, respectively [9]. The diamond
ring structure is formed at a lower undercooling, with
a smaller number density per unit length than at Q-
carbon undercooling, where nucleation density is much
higher because of higher density of carbon tetrahedral
packing.

4. Summary

We have shown the formation of self-organized nanodi-
amond structures by nanosecond laser melting of carbon
layers followed by rapid quenching. Nanodiamond struc-
tures are formed within the bulk as a result of dynamical
heterogeneity that occurs in super undercooled carbon
by homogeneous nucleation, and at the film-substrate
interface by heterogeneous nucleation. In the case of
heterogeneous nucleation, nanodiamonds and microdia-
monds grow epitaxially via domain matching epitaxy on
the sapphire substrate. The nucleation of diamond is sub-
stantially enhanced in the presence of Q-carbon, as the
number density of clusters of diamond tetrahedra with
critical nuclei sizes is much higher in the Q-carbon phase.
These results provide a direct evidence for dynamical
heterogeneity in super undercooled carbon.
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